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As the minimum feature size in complementary metal-oxide-semiconductor 
(CMOS) devices shrinks, the leakage current through the gate insulator (silicon oxide) 
will increase sufficiently to impair device operation. A high dielectric constant (k) 
insulator is needed as a replacement for silicon oxide in order to reduce this leakage. 
Hafnium-based materials are among the more promising candidates for the gate insulator, 
however, it is hampered by material quality and thus has been slow to be introduced into 
high volume integrated circuit production. Hafnium oxynitride films are deposited by 
Metalorganic Chemical Vapor Deposition (MOCVD) and downstream microwave 
Plasma Enhanced Chemical Vapor Deposition (PECVD) employing different oxidants 
including O2, N2O, O2 plasma, N2O plasma, N2O/N2 plasma, and O2/He plasma in the 
current research. The effects of oxidants on deposition kinetics, morphology, composition, 
bonding structure, electrical properties and thermal stability of the resultant films each 
are investigated. The possible chemical/physical causes of these observations are 
developed and some mechanisms are proposed to explain the experimental results. 
Oxygen radicals, which are known of present in oxidizing environments are determined 
to play an essential role in defining both structures and the resultant electronic properties 
of deposited hafnium oxynitride films. This systematic investigation of oxidant effects on 
CVD grown hafnium oxide/oxynitride layers, in the absence of post-deposition annealing, 







Gate Dielectrics and SiO2 
Currently, Ultra-Large-Scale-Integration (ULSI) circuits such as microprocessors 
and semiconductor memories impact nearly everyone’s life. Metal-Insulator-
Semiconductor (MIS) field-effect transistors, the most important component of ULSI 
circuits, have been extensively developed since the first working Metal-Oxide-
Semiconductor (MOS) transistor was demonstrated by Kahng and Atalla in 1960 [1]. 
Figure 1.1 shows the diagram of a MIS transistor.  The transistor has a top gate electrode 
and a semiconductor substrate. Between the gate electrode and the silicon substrate, there 
is a thin insulating film that is termed the gate dielectric.  
 
Figure 1.1 Diagram of a metal-insulator-semiconductor transistor [1]. 
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Since the birth of MIS transistors in 1960, significant innovations and 
modifications in the materials and process sequences used to fabricate the transistors have 
taken place, such as a change in the gate electrode material from aluminum to polysilicon 
[2] and the use of ion implantation for semiconductor doping. However, silicon oxide 
(SiO2), the heart of the MIS device structure, has never been replaced since SiO2 is the 
major reason that silicon was successfully used as the base substrate for semiconductor 
devices. Other semiconductors such as Ge or GaAs were not selected because they do not 
have a stable native oxide and low defect density interface as does Si [3]. It is also the 
reason why the term of metal-oxide-semiconductor (MOS) is more commonly used than 
the generic term of MIS. The major advantages of silicon dioxide for MIS devices 
include: 
(1) Silicon oxide is native to the silicon and can be thermally grown. The native oxide 
layer on a silicon substrate has a electrically stable interface with silicon; defect-
charge densities are in the order of 10 10 cm-2, 
(2) Breakdown field of silicon oxide films is high, ~10 MV/cm, 
(3) Silicon oxide thermal stabilityis good; the oxide remains amorphous at high 
temperature (>1000 oC) during subsequent process steps in semiconductor device 
integration processes. 
To continuously increase integrated circuit performance at lower cost, the 
industry looks to Moore’s law which has shown that the number of transistors on a chip 
doubles every 12-18 months [4]. Although the actual increased number of transistors per 
chip in semiconductor industry began to slow down at the end of 1980s (Figure 1.2), the 
number of transistors on a chip are currently more than 107/chip. This phenomenal 
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progress has been achieved by enlarging the wafer size (presently at 300 mm) and 
especially by scaling down the transistor dimensions. This rapid shrinking of the 
transistor feature size forces channel length (L in Figure 1.1) and gate dielectric thickness 
(d in Figure 1.1) of transistors to decrease.  
 
Figure 1.2 Moore’s law vs Intel processor transistor counts [5]. 
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Circuit performance improvement by shrinking can be illustrated by a simple 
model of the drive current in a Field-Effect-Transistor (FET) [1]. The equation for the 













µ          (1) 
where W and L are the width and length of the transistor channel individually, µ is the 
carrier mobility, Cinv is the gate dielectric capacitance when the channel is in the 
inversion region, VG is the gate voltage, VD is the drain voltage, and VT is the threshold 
voltage. As shown by equation (1), the drain current I D increases with V D until it 







= µ           (2) 
carrier mobility µ is nearly constant and gate voltage VG and threshold voltage VT cannot 
change over a wide range due to reliability concerns and the intrinsic properties of 
semiconductor silicon. As a result, shorter gate length and higher gate dielectric 
capacitance are needed to increase the saturated drain current and the transistor speed. 





=             (3) 
where κ is the dielectric constant of the gate material, ε0 is the permittivity of the free 
space, A is the capacitor area, and t is the thickness of the gate dielectric. Equation (3) 
shows that a reduction in the thickness of the gate dielectric increases the capacitance of 
the gate dielectric and thus the drain current of the transistors. Indeed, the thickness of 
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gate dielectrics and their lateral dimensions have been scaled down simultaneously for 
more than 40 years so that the industry could keep pace with or adhere to Moore’s law. 
The International Technology Roadmap for Semiconductors (ITRS) indicates a set of 
requirements for each device generation to offer a guide for development of subsequent 
generations in the semiconductor industry. In this document, technology nodes based on 
the half metal pitch size of Dynamic Random Access Memory (DRAM) devices are used 
to represent the generations. According to ITRS 2004 [6], the technology node is 90 nm 
in 2004 and will be 65 nm in 2007. At the 90 nm node, the gate dielectric thickness in 
DRAM must be scaled down to 2.3 nm. If silicon oxide is to remain the gate dielectric 
layer at the 65 nm node, the thickness of the layer must be as small as 0.8 nm.  
 With the gate dielectric thickness and channel length shrinking, MOSFET 
devices begin to suffer problems induced by the increased lateral (ξ//) and perpendicular 
(ξi) electric fields within the small transistors. The increased ξi causes more carriers to be 
injected into the gate dielectric from the channels or the gate electrode, as shown in 
Figure 1.3 [1]. Also, increased ξ// generates more electron-hole pairs in the substrate that 
may surmount the interfacial energy barrier. 
Although the power supply voltage Vcc used to operate the transistors is reduced 
(scaled) with the transistor feature size, the voltage decreasing speed is much slower than 
the transistor-shrinking rate.  Thus, unavoidably, ξi and ξ// increase with scaling, and it is 
believed that the perpendicular electric field must therefore remain at a level of ~3-5 
MV/cm for future circuits.  
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Figure 1.3 Schematic band diagram of FET structure to illustrate the electric fields in the 
transistors [1]. 
 
With such a high electric field, when the SiO2 gate dielectric is thinner than 3 nm, 
the leakage current is dominated by direct quantum mechanical tunneling through the 
dielectric layer and therefore increases exponentially [7]. Figure 1.4 shows the gate 
current density as a function of silicon oxide thickness for 35 nm transistors [8]. The two 
horizontal lines indicate the maximum allowable gate current densities for desktop 
computers (lower line) and portable applications (higher line) individually. It is obvious 
that silicon oxide films with thickness less than 1.3 nm have unacceptably high leakage 
current (>1 A/cm2) for both applications. At the 65 nm node, as projected by ITRS, a still 
thinner film (0.8 nm) will be needed. Such thin films with only several monolayers of 
silicon oxide induce a number of problems, including high leakage current, poor 
reliability, boron penetration from the doped polysilicon, and the stringent demands of 
film uniformity and thickness control [9]. Furthermore, such concerns demonstrate that 
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the transition between 90 nm and sub-90 nm nodes requires more than a simple feature 
shrinkage as has been the case with classical device scaling. Significant innovations, 
including new materials, processes and device structures, must be devised to allow a 
successful transition [10, 11].  Among these changes, high dielectric constant (high-k) 
materials, as potential alternative to silicon oxide gate dielectric, have recently attracted 
intense attention. 
 
Figure 1.4 Gate leakage current vs silicon oxide thickness at 1.5 V for 35 nm 
NMOSFETs [8]. 
High-k Materials 
Origin of High Dielectric Constant 
As equation (1) indicates, an increase in the dielectric constant of the gate 
insulator can also increase the capacitance of the gate structure analogous to a reduction 
of the gate dielectric thickness. For an identical capacitance, high-k dielectrics can have 
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larger thicknesses than silicon oxide. The gate capacitance can be conveniently expressed 







×= 2          (4) 
where kSiO2 is 3.9, kHigh-k is usually larger than 10, and t is the thickness of the high-k 
dielectric. With the same EOT, the larger physical thickness of high-k dielectrics results 
in a reduction of the gate leakage current while generating sufficient inversion charge in 
the channel of transistors for device operation.  
The static dielectric constant is a function of material polarizability, including the 
electronic contribution and the lattice contribution (also called ionic contribution) [12], 
le kkk +=                   (5) 
the electronic component is the optical dielectric constant ∞ε which is often equated to 
the square of the refractive index, 
2nke == ∞ε                (6) 
and the electronic polarizability is determined by the electrical field induced electron 
redistribution. For a dielectric material subjected to an electric field, electrons transfer 
between occupied and unoccupied electronic states. Due to the electron shift with respect 
to the nuclei in an electric field, an electric dipole moment is produced. The magnitude of 
the electron redistribution is related to the applied electric field and the energy gap 






∝                      (7) 
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Vab is the electric field operator applied to the dielectric, Eab is the energy gap between 
initial a and final b states. In this scenario, because the initial state is the highest occupied 
level in the valence band and the final state is the lowest unoccupied level in the 
conduction band, the energy gap for a metal oxide compound is Eg as shown in Figure 1.5 
[13]. Clearly, oxides with smaller energy gaps have higher electronic polarizability and 
thus higher dielectric constants.  
Usually, transition metal oxides have small energy gaps because of the partially 
filled d-orbitals from transition metal atoms. For these compounds, the lowest conduction 
band consists of π* antibonding orbitals formed from metal d orbitals (dxy, dxz, dyz) and 
oxygen p orbitals. The wave functions of these d orbitals from transition metal ions have 
little overlap with the wave functions of oxygen p orbitals and thus the π bonding 
between them is very weak (Figure 1.6) [13]. The splitting energy ∆ between the bonding 
and antibonding orbitals, which is determined by the overlap of orbitals, is also small. As 
Figure 1.5 shows, the small splitting energy leads to a small band gap Eg. In contrast, the 
lowest conduction band in silicon oxide is formed by the σ* antibonding orbitals. The σ 
bonds are formed by the overlap of Si s, p orbitals and O p orbitals and are much stronger 
than the π bonds in metal oxides (Figure 1.6). The larger splitting energy gives silicon 
oxide a larger band gap than that of transition metal oxides. Based on equation (7), the 
small band gap in transition metal oxides gives them a high electronic polarizability. 
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Figure 1.5 The molecular orbital spectrum of the octahedral metal-oxygen complex. ∆ is 
the smallest energy gap between the bonding and anti-bonding orbital. Eg is the band gap 
between the conduction band and valence band [13]. 
 
 
Figure 1.6 Schematic of the p-p σ bond (broken line) and p-d π bond (continuous line) 
between the metal ion and the oxygen ions [13]. 
 
For most of the wide band gap oxides in the operating frequency range for CMOS 
devices (100 MHz – 10 GHz), ∞ε is typically within the range of 4-5 that does not 
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represent the main contribution to the dielectric constant for high-k materials. Thus, the 
ionic contribution is larger than the electronic portion in high dielectric constant materials. 









=                 (8) 
where N is the number of ions per unit volume, e is the electronic charge, *TZ  is the 
effective charge, m is the reduced ion mass, and TOω is the frequency of the optical 
phonon. Large ionic polarizability can be obtained if *TZ  is large and TOω  is small. 
Usually, transition metal ions have large effective charge; 2TOω  is proportional to the 
reduction of the force constant (K) of metal-oxygen bonds after application of the electric 










2ω         (9) 
where K0 is the force constant of the metal-oxygen bond that is determined by the σ bond 
without the effect of applied electric field, VT1u is the vibronic constant for the bond 
vibrations in the electric field, and ET-A is the energy difference between the states before 
and after application of the electric field. The vibrations correspond to the displacement 
of metal ions with respect to oxygen atoms; these vibrations have the same symmetry (T1u) 
as those responsible for the generation of electric dipole moments. The vibrations 
increase the overlap of the metal d states and the oxygen p states. The increased d-p 
overlap provides a path for electrons to transfer from oxygen atom to metal atom. The π-
type electron “feedback” weakens the M-O σ bonds and reduces the force constant of the 
vibrations [14]. This effect is inversely proportional to ET-A in equation (9). Because ET-A 
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is the same order of magnitude as Eg, the small Eg in transition metal oxides also results 
in a high ionic polarizability as indicated by equations (8) and (9). 
Barrier Offsets  
In addition to the high dielectric constants, potential dielectric candidates are also 
required to have high barrier offsets. For electrons transferring from the silicon substrate 
to the gate electrode, the conductance barrier height ∆Ec is: 
( )[ ]BMc qE Φ−Φ−≅∆ χ                      (10) 
As Figure 1.7 [9] shows, χ is the electron affinity of the semiconductor, ФM is the 
metal work function, and ФB is the potential barrier between the metal and the dielectric. 
For electrons transferring from the metal gate to the silicon substrate, the barrier height is: 
BcE Φ=∆                                             (11) 
The leakage current through the dielectric layer may originate from three 
mechanisms: direct tunneling transport, Frenkel-Poole emission or hopping conduction 


























                       (12) 
where A is a constant, tdiel is the thickness of the dielectric, m* is the electron effective 
























exp                                         (13) 





*22                                 (14) 
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where l is the distance between two hopping sites, n* is the density of the free electrons 
in the dielectric, and Γ is the average hopping frequency. 
 
 
Figure 1.7 Energy band diagram for an ideal MIS capacitor with n-type silicon substrate 
[9]. 
 
For dielectrics without defects, the leakage current follows the direct tunneling 
transport mechanism; for defective dielectrics, Frenkel-Poole emission or hopping 
conduction is the dominating mechanism. The leakage current in dielectrics increases 
exponentially with barrier offsets decreasing, as the above equations show. Thus, high-k 
dielectics acceptable for gate insulator applications must also have large barrier offsets. 
Robertson calculated the barrier offsets for some metal oxides including several 
high-k dielectrics by the model of metal induced gap states (MIGS) [16, 17]; the 
calculated band offsets are shown in Figure 1.8 [17], where both conduction band offsets 
∆Ec and valence band offsets ∆Ev are indicated. These values indicate the relative 
difficulty in transporting electrons or holes between the silicon substrate and a specific 
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dielectric. Clearly, conduction band offsets are usually smaller than valence offsets. As a 
result, conduction band offsets are generally considered in the selection of gate dielectrics. 
Those metal oxides with conduction band offsets <1.0 eV can be precluded for gate 
dielectrics applications because of high leakage currents. Figure 1.8 also shows the 
relations of band gaps of silicon and high-k dielectrics: 
vcSiBGkHighBG EEEE ∆+∆+=− ,,                            (15) 
Although the valence band offsets for different oxides are not the same, it is 
believed that larger band gaps generally indicate larger conduction band offsets. 
Undoubtedly, oxides with larger band gaps have smaller leakage currents since the 
conduction band offsets are increased. Furthermore, it should be noted that the dielectric 
constant and the leakage current of a high-k oxide have an inverse relationship. Therefore, 
semiconductor devices require trade-offs between high dielectric constant and low 
leakage current to establish the most suitable material candidate to replace silicon oxide. 
Robertson’s calculations offer reasonable predictions for the selection of high-k materials, 
but the unpredictable interface effects between metal and dielectric and semiconductor 
and dielectric increase the difficulties of identifying the appropriate high-k layer. 
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Figure 1.8 Conduction and Valence Band offsets of several potential high-k gate 
dielectric materials calculated by Robertson [17]. 
Progress and Limitations in High-k Research 
Based on the calculations by Robertson [17], the dielectric constants and band 
gaps of a number of high-k candidates are compared in Figure 1.9 and Table 1.1. These 
potential gate dielectrics have been experimentally studied for possible incorporation into 
transistor structures.  
As Table 1.1 indicates, Al2O3 and Si3N4 have many favorable properties, such as 
large conduction band offsets (> 2.4 eV), relatively large band gaps (8.8 eV and 5.3 eV 
respectively), and good thermal stability. Recent studies have demonstrated that Al2O3 
and Si3N4 can remain amorphous after high temperature annealing. Al2O3 also has low 
leakage current because of the small conduction band offsets and low defect density [18-
22]. In spite of these advantages, both materials have a common shortcoming: low 
dielectric constant (9 for Al2O3 and 7 for Si3N4). Their low dielectric constants prevent 
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significant shrinkage of the gate dielectric thickness; thus neither material is considered 
as the long-term replacement for silicon oxide. 
 
Figure 1.9 Static dielectric constants and band gaps of potential high-k dielectrics [17]. 
 
Table 1.1 Calculated dielectric constants, experimental band gaps and conduction band 
offset of high-k dielectrics [17]. 
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At the right side of Figure 1.9 are oxides with relatively large dielectric constants; 
TiO2 is a typical material in this category. Although TiO2 has a high permittivity of 80-
110, it crystallizes at temperatures ~400 ˚C or lower [23, 24]. Unfortunately, 
polycrystalline films are not desirable for gate dielectrics because of their high leakage 
current and non-uniform electric properties caused by the random orientations of 
polycrystalline grains. BaO and SrO also have relatively high dielectric constants, but 
they are excluded from the candidate list for their sensitivity to water. ZrO2, HfO2 Pr2O3 
and La2O3 are the most promising oxides, but ZrO2 is not stable when in contact with the 
silicon substrate at high temperatures, and Pr2O3 and La2O3 are hygroscopic [25-29].  
Because most high-k materials have advantages and disadvantages, systems of 
materials termed pseudobinary or pseudoternary that combine the advantages of two or 
three components have been of interest recently.  In such systems, a tradeoff can be 
established between their advantages and disadvantages. These systems include silicates 
(M-Si-O) [30], aluminates (M-Al-O) [31] and other more complicated sytems (e.g., Zr-
Sn-Ti-O [32, 33]). These systems usually have relatively high dielectric constants 
because they contain a transition metal oxide. Also, they are amorphous and can 
withstand high temperature annealing without crystallization because of their silicon 
oxide component. For these systems, it is necessary to find the optimal composition range 
of components. A low transition metal oxide portion decreases the dielectric constant of 
the compound, while a high transition metal oxide level may lead to phase separation of 
the compounds at high temperatures [34, 35]. 
Among the various high-k candidates, the semiconductor industry has focused 
most of their current interests on hafnium-based systems. Considerable efforts have been 
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expended with the hafnium-based system, including hafnium oxide, hafnium oxynitride, 
hafnium silicate and hafnium silicon oxynitride [36-38]. Indeed, encouraging results have 
recently been announced on hafnium – based high-k dielectrics [39]. Despite such 
progress, high-k dielectrics are still not ready for introduction into integrated circuit (chip) 
high volume production [40]. The limitations that remain consist of intrinsic and extrinsic 
problems as described below.  
(1) Dielectric constants of some oxides or binary/ternary systems are not sufficiently 
high, to warrant introducing them into the overall fabrication sequence. 
(2) Thermal stabilities are not sufficient to withstand high temperature (>1000 °C) 
annealing in subsequent processing steps; some metal oxides crystallize during 
the deposition process. Polycrystalline gate dielectrics are problematic because 
the grain boundaries are good leakage paths for charge carriers. Also, the 
uncontrollable grain size and orientation lead to irreproducible electrical 
properties. In addition to the crystallization concern, some of the metal oxides 
react with the silicon substrate and produce an interface layer that consists of M-
Si and M-Si-O. The interface layer unavoidably decreases the capacitance of the 
gate stack due to the reduced dielectric constant and thus increases the EOT 






                         (16) 
khigherfacetol EOTtEOT −+= int                    (17) 
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Because it is difficult to avoid the formation of an interface layer without the 
insertion of a barrier layer between the gate dielectric and the substrate, it is 
extremely important to select a material that has a stable and controllable M-Si-O 
system, especially when the EOT will fall below 1 nm.  
(3) Interface trap and bulk defect densities are often high, which degrades the carrier 
mobility in transistors. High-k metal oxides have a more rigid bonding structure 
than silicon oxide because of their bonding is ionic with a high coordination 
number; these attributes account for the fact that high-k oxides are poor glass 
formers [41]. Although oxides have high heats of formation of non-stoichiometric 
defects, the defect densities in these metal oxides are still high because the oxide 
network cannot easily relax and the dangling bonds within the network cannot be 
removed by re-bonding. The defects can exist both at the interface and in the bulk 
oxide in forms such as oxygen vacancies, interstitial oxygen, -OH groups, and Si-
H bonds [42, 43]. Carrier mobility in transistor channels may be reduced because 
interface states trap carriers. In addition, the flat band voltage and thus the 
transistor threshold voltage shifts with the incorporation of fixed oxide charges as 
indicated by equation (18). 
0εK
QtV msFB +Φ=                                   (18) 
where Φms is the work function difference between the metal electrode and the 
semiconductor, Q is the fixed oxide charge, t is the thickness of the films and K is 
the dielectric constant.  
(4) Leakage currents through the dielectrics are high so that device performance is 
reduced. Intrinsically, high-k dielectrics have small band gaps that usually lead to 
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high leakage currents. Often, however, the high leakage current of high-k 
dielectrics originates from defects in the deposited films. The defects introduce 
energy levels into the band gap of metal oxides and increase the probability that 
electrons or holes can transport through the dielectric. 
(5) Distinct from the growth of silicon oxide by silicon oxidation, high-k dielectrics 
have to be deposited. The deposition process must be compatible with the other 
steps in CMOS processing, cost and throughput. Also, the poly-silicon gate metal 
must be changed to another more suitable conductor such as Pt, TiN or Ru 
because the interface between poly-silicon and high-k oxides increases the EOT 
of the gate dielectrics.   
Although substantial effort has gone into the development of hafnium-based high-
k materials, the problems have not been completely solved; therefore, the industry has 
postponed the introduction of high-k materials to the 45 nm node. Device reliability 
concerns caused by defects in hafnium-based materials remains one of the biggest 
challenges. To reduce the interface trap density, HfO2 films are annealed in O2, H2, N2 or 
D2 to stabilize dangling bonds and diminish oxygen vacancies [44-47]. However, 
annealing normally increases the thickness of interfacial layers and thus the equivalent 
oxide thickness (EOT) of the films, and increases the process complexity. To improve the 
thermal stability and dopant/electron barrier properties of HfO2 films, nitrogen atoms are 
introduced into HfO2 films analogous to approaches invoked for SiO2. These hafnium 
oxynitride films are obtained by sputtering in N2, chemical vapor depositions in NO or 
NH3, or (primarily) post-deposition annealing in NH3 or N2. Although specific properties 
(e.g., dielectric constant, leakage current and breakdown field) of the films have been 
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improved by these post-deposition treatments, some aspects of transistor performance are 
also degraded by introducing large hysteresis and low carrier mobility. The fundamental 
causes behind the improvement and degradation are not yet clear. Therefore, improved 
understanding of deposition-film structure-film property relationships and further 
development of processing methods are essential to allow the semiconductor industry to 
move forward to sub-65 nm technologies in 2007.  
Objective 
Recently, different oxidants including O2, N2O, O3 and some of their mixtures 
have been used in post-deposition processing sequences in an attempt to improve the 
properties of deposited hafnium oxide films. Few studies have been reported that invoke 
chemical vapor deposition processes with different oxidants, even though the specific 
oxidant is one of the primary factors that establishes the properties of deposited films. 
The goal of this thesis is to investigate the effects of different oxidants on the structure 
and properties of deposited hafnium oxide films and improve the understanding of the 
fundamental relationships between oxidant, film structures and film properties. In 
addition, to the author’s knowledge, no studies have been reported on the use of liquid 
injection for HfO2-based films. If improved fundamental understanding of these 
processes is obtained, novel chemical vapor deposition and plasma-enhanced chemical 
vapor deposition technologies may be possible that can overcome some of the hurdles of 
hafnium oxide film introduction into sub-65 nm semiconductor manufacture. As a result, 
the objectives of the thesis include: 
(1) Investigate the effects of different oxidants (O2, N2O, plasma dissociated O2, 
plasma dissociated O2/He, plasma dissociated N2O, plasma dissociated N2O/N2) 
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on the structure and electrical properties of hafnium oxide films. Establish the role 
of oxygen atoms in film deposition and film properties, and propose a mechanism 
for chemical vapor deposition in different oxidants. Advance the understanding of 
the relationship between the structures and properties of the deposited films. 
Investigate the structures associated with some of the defects and the propose 
methods to improve the film quality. 
(2) Based on the results of the fundamental study, develop metal-organic chemical 
vapor deposition (MOCVD) and downstream microwave plasma enhanced 
chemical vapor deposition (PECVD) technologies for HfO2 or HfOxNy film 
depositions to improve their physical and electrical properties. 
(3) Engineer the introduction of nitrogen atoms into hafnium oxide films by 
developing appropriate MOCVD/PECVD techniques. Investigate the role of 
nitrogen atoms and the effect of nitrogen location and bonding structures in 
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CHAPTER 2 
METALORGANIC CHEMICAL VAPOR DEPOSITION (MOCVD) 
AND PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION 
(PECVD) 
 
Chemical Vapor Deposition (CVD) 
Chemical vapor deposition (CVD), which is a simple but yet versatile technique, 
is an essential process in the fabrication of ULSI devices and circuits [1-4]. Chemical 
vapor deposition is a process to synthesize thin solid films from gas phase reactants by a 
chemical reaction. The CVD process can produce thin films with reproducible and 
controllable and reproducible properties such as uniformity, purity, adhesion, surface 
morphology and microstructure. Although the CVD process may appear to be a simple 
technique, the basic chemistry behind this approach to film deposition is still unclear for 
most materials. Commonly, it is believed that the process consists of several complicated 
individual process steps that are summarized below and illustrated in Figure 2.1 [5]: 
(1) Mass transport of the reactant gases from the gas inlet to the reaction zone, 
where the reaction zone is a narrow region close to the surface of the 
heated substrates; 
(2) Gas phase reactions in the reaction zone that lead to the formation of film 
precursors; 
(3) Mass transport the film precursors to the growth surface; 
(4) Adsorption of the film precursors onto the growth surface; 
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(5) Surface diffusion of the precursors to the growth sites; 
(6) Reaction of precursors at the surface and film growth on the substrates; 
(7) Desorption of the by-products of surface reactions; 
(8) Mass transport of by-products from the reaction zone to the main gas flow 
that exhausts from the reactor.  
Each step in the process must be controlled so that the deposited films have the desired 
properties. 
 
Figure 2.1 Basic steps of CVD processes [5]. 
CVD Apparatus 
For various thin film applications, CVD reactor configurations are different.  
However, in general, a CVD system consists of three components: a reagent handling 
arrangement for the source or reactant compounds, a reactor chamber and an exhaust 
system.  
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Film Precursors and Gas Handling System 
Film precursors for CVD reaction systems may be gaseous, liquid or solid sources.  
Gaseous sources are fed into the reactor chamber from a high-pressure gas cylinder, 
sometimes mixing with other gases before flowing into the chamber. For solid and liquid 
precursors, a carrier gas is needed to flow through precursor containers and carry the 
precursor vapor into the reactor chamber. The amount of introduced film precursor is 
controlled by the temperature of the source container, the pressure in the container, 
precursor vapor pressure and carrier gas flow rate. After equilibrium is established in the 
precursor container, the film precursor flow rate can be calculated from [6]: 
 )/( PPPFF totalcarriergas −=            (2.1) 
where F carrier gas is the flow rate of the carrier gas, P is the partial pressure of the 
precursor, and P total is the total pressure in the precursor container. 
In metalorganic chemical vapor deposition (MOCVD), organometallic 
compounds with high vapor pressure are used as precursors. For these compounds, safety 
and environmental concerns are important issues; specific information on gas handling 
and safety of MOCVD systems is available [7].  Typically, additional reactant gases such 
as O2, N2, H2, or NH3 flow into the reactor chamber through separate gas lines outfitted 
with gas flow controllers.   
Chamber 
Film deposition occurs in the CVD chamber, so the chamber configuration can 
have a significant influence on the physical and chemical properties of the deposited 
films. A variety of CVD chamber configurations are used for different films; a few basic 




Figure 2.2 Basis configurations of CVD reactors [6]. 
 
The horizontal (Figure 2.2a) and vertical (Figure 2.2b) chambers are typically 
used to grow compound semiconductors by metalorganic chemical vapor deposition 
(MOCVD); these can be used for atmospheric pressure or low pressures deposition. A 
barrel configuration (Figure 2.2c) can process multiple wafers at the same time and it is 
commonly used for epitaxial (silicon) growth. In the pancake reactor (Figure 2.2d), the 
 31
walls are usually cooled, or at least not heated, to avoid chamber contamination by 
deposition on the walls and subsequent production of particulates due to flaking. Low 
pressure CVD is the typical reactor type used for dielectric and passivating film 
deposition in microelectronic device and integrated circuit fabrication [8]. Figure 2.2e 
shows a traditional horizontal multiple-wafer-in-tube LPCVD chamber. At low pressures, 
the diffusion coefficient of precursor molecules is high so that the deposition rate is 
determined by the surface reaction rate rather than the precursor diffusion rate to the 
surfaces; thus, multiple wafers can be uniformly coated simultaneously. 
Exhaust System 
The byproducts of CVD processes may be hazardous and toxic and therefore 
cannot be vented to the atmosphere directly. Rather, the gaseous byproducts and un-
completely decomposed precursors need to be trapped by chemical or physical methods 
that include wet chemical scrubbers, dry absorption and pyrolysis. Also, pumps and 
throttle valves are used to control the pressure of the reactor. Exhaust systems for CVD 
reactors consist of all these units. 
MOCVD System Used in This Thesis 
The CVD system used for the studies in this thesis is a custom-designed MOCVD 
reactor that was built by a former group member - Dr. Ebony L. Mays [9]; a schematic 
illustration of the system is shown in Figure 2.3. The primary segments of the system are 
described in the following sections. 
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Figure 2.3 Schematic illustration of the MOCVD system with DLI system used 
for the studies in this thesis. 
 
Precursor and Direct Liquid Injection (DLI) System 
In order to obtain uniform growth of high-k hafnium oxynitride films with 
reproducible physical and chemical properties by MOCVD, the precursors used for film 
deposition must be pure, highly volatile, stable in containers and gas lines, and have few 
byproducts that could contaminate the deposited films. A large number of studies have 















pressures and decomposition temperatures of these precursors are summarized in Table 
2.1.  
 





HfCl4 > 800 Low volatility solid [10, 11] 
Hf(NO3)4 450 Low volatility solid [12, 13] 
Hf(OtC4H9)4 315 - 450 1 torr at 65 °C [14-17] 
Hf(NC2H5)4 300 - 600 1 torr at 80 °C [18-22] 
Hf(OCH2CH2NMe2)4 150 4.5 torr at 80 °C [23] 
Hf(CH3COCHCOCH3)4 350 Evaporate at 200 °C [24] 
Hf(OCMe2CH2OMe)4 350 - 600 Evaporate at 130 °C [25] 
 
Based on the data in Table 2.1, it is evident that hafnium tetrakis-diethylamide 
(TDEAH) has a high vapor pressure at low temperature and a relatively low 
decomposition temperature. Since TDEAH is a commercially available precursor, this is 
a suitable precursor for the studies to be performed in this thesis. Some chemical and 
physical studies have been performed on the TDEAH precursor purchased from Epichem 
Inc and results are discussed below. 
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Thermogravimetric Analysis (TGA) 
TGA measurements are performed on a Perkin Elmer TGA 7 that is kept in a 
glove box. The TGA furnace is purged with ultrahigh purity argon gas so that analyses 
are performed in an argon atmosphere; the argon flow rate is maintained at 20 ml/min. 
For each run, ~20 mg of liquid precursor compound is placed in the platinum sample pan 
by a micro-liter syringe. TGA curves are collected by ramping the furnace to 350 °C at 
the speed of 10 °C/min. 
The TGA curve of the TDEAH precursor is shown in Figure 2.4. Clearly, the 
precursor begins to lose weight at ~90 °C. Because 90 °C is lower than the 
decomposition temperature of TDEAH, the weight loss at low temperature can be 
attributed to precursor evaporation. All material is evaporated or decomposed when the 
temperature reaches ~250 °C and the mass of residue is about 10 % of the precursor. The 
residue is thus composed of decomposition products of TDEAH. These TGA results 
demonstrate that the precursor can be evaporated at temperatures above 90 °C.  
 
Figure 2.4 TGA curve of the liquid precursor TDEAH. The furnace atmosphere is Ar and 




In order to establish if TDEAH is suitable for direct liquid injection (DLI) 
MOCVD, the viscosities of TDEAH are measured in the temperature range of 40 – 100 
°C. The measurement is performed on a Cambridge Instrument Viscolab 2000 
Viscometer enclosed in a glove box. Before measurement, the viscometer is calibrated by 
using standard fluids from Cambridge Applied Systems Inc. The viscometer result is 
determined by the average of ten data points.   
The viscosities of TDEAH and the dependence of viscosity on temperature are 
shown in Table 2.2 and Figure 2.5. At low temperatures, the precursor is a viscous liquid 
with viscosity ~5 cP; with increasing temperature, the viscosity of the precursor 
decreases significantly. At 95 °C, which is the working temperature for the evaporator of 
the DLI system, the viscosity of the precursor is 1.935 cP. The low viscosity of TDEAH 
at high temperatures confirms that the precursor can be easily handled in the DLI system. 
 
Table 2.2 Viscosities of precursor TDEAH in the temperature range of 40 – 100 °C. 
Temp. °C 40.2 45.1 50.0 55.0 60.0 65.0 70.0 
Visc. (cP) 5.419 5.055 4.612 3.918 3.762 3.359 3.367 
Temp. °C 75.0 80.1 85.0 90.0 95.0 100.0  
Visc. (cP) 2.903 2.605 2.306 2.122 1.935 1.71  
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Figure 2.5 Viscosity curve of the precursor TDEAH. 
 
Direct Liquid Injection (DLI) System 
A DLI system, manufactured by Bronkhorst, is used to avoid the effects of 
precursor container temperature and precursor volume on the amount of precursor 
introduced precursor introduced into the deposition chamber. As shown in Figure 2.3, the 
DLI system consists of a liquid flow controller, a mass flow controller for carrier gas and 
a temperature controlled mixing and evaporation device. Liquid precursor is pressed into 
the mixing valve by helium gas and mixed with He carrier gas before being evaporated 
and delivered into the deposition chamber. To avoid condensation of the evaporated 
precursor onto the walls of the delivery tubing before it enters the chamber, the tubing is 
heated by heating tapes to a temperature 10 °C higher than the evaporator temperature. 
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Based on TGA analysis, viscosity measurement and the decomposition temperature of 
TDEAH (300 °C), the evaporator temperature is set at 95 °C and the tubing is heated to 
105 °C. At these temperatures, TDEAH can be evaporated readily and delivered into the 
deposition chamber without decomposition.  
Chamber and Exhaust System 
The chamber and the exhaust unit of the MOCVD system used in this thesis have 
been described in a previous thesis [8]. During depositions, the chamber is heated to 60 
°C to minimize precursor condensation on the chamber wall. The exhaust system consists 
of a throttle valve and an Alcatel 2063C2 pump so that the pressure of the system can be 
controlled independent of the flow rate. A wet chemical scrubber is linked to the pump 
exhaust to remove undecomposed organometallic precursor. To keep the organometallic 
compound from being dissolved in pump oil, nitrogen gases bubble up through the oil 
during deposition. 
Plasma Enhanced Chemical Vapor Deposition (PECVD) 
Fundamentals of PECVD 
To permit the deposition of films onto polymer substrates, to control film 
morphologies, and to generally reduce thermal budgets it is often necessary to deposit 
films at low temperatures (< 350 °C). Plasma-enhanced chemical vapor deposition 
(PECVD) in radio frequency (rf) or microwave discharges has been widely used to 
achieve such goals, including the deposition of high-k materials [26-31].  In PECVD, 
most of energy needed for breaking bonds is supplied by the high-energy electrons in a 
plasma instead of by thermal energy in MOCVD.  
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The fundamental physics and chemistry of rf or microwave plasmas have been 
extensively described [32, 33]. The complex chemical reactions in a plasma include two 
types of processes: homogeneous gas-phase collisions and heterogeneous surface 
interactions.  
Reactive free radicals, metastable species, and ions in plasmas are generated by 
gas-phase collisions. Electron impact reactions are primarily responsible for reactive 
species, ion, and electron generation; examples of electron impact reactions are listed in 
Table 2.3 [34]. Dissociation and excitation reactions indicated at the top of the table 
require the lowest energies. For ionization reactions, electrons with energy >8 eV are 
required. Because high-energy electrons are in the tail of the electron energy distribution 
achieved in these plasmas, few electrons have the required energy. Thus, excitation and 
dissociation represent the primary gas-phase reactions and higher concentrations of 
neutral radicals relative to ions and electrons are present in such plasmas. In addition, gas 
phase collisions occur between heavy particles, especially in gases such as He and Ar due 
to the existence of metastable species. Possible collision reactions are listed in Table 2.4 
[35]. 
 
Table 2.3 Examples of electron impact reactions in plasma [34]. 
Excitation (rotational, vibrational, electronic) e + X2 = X2* + e 
Dissociative attachment e + X2 = X- + X+ + e 
Dissociation e + X2 = 2X  + e 
Ionization e + X2 = X2+ + 2e 
Dissociative ionization e + X2 = X + X+ + 2e 
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Table 2.4 Possible reactions due to heavy particle collisions [35]. 
Penning dissociation M* +X2 = 2X + M 
Penning ionization M* +X2 = X2+ + M + e 
Charge transfer M+ +X2 = X2+ + M  
M- +X2 = X2- + M  
Collisional detachment M +X2- = X2 + M + e 
Associative detachment X- + X = X2 + e 
Ion – ion recombination M- +X2+ = X2 + M 
M- +X2+ = 2X + M 
Electron – ion recombination e- + X2+ =2X 
e- + X2+ + M = X2 + M 
Atom recombination 2X + M = X2 + M 
Atom abstraction A + BC = AB + C 
Atom addition A + BC + M = ABC + M 
 
The energetic radicals, ions and electrons produced by plasmas have significant 
effects on film deposition processes and structures of films. Various heterogeneous 
processes occur on substrate surfaces in PECVD; the generic elementary heterogeneous 
processes possible are shown in Table 2.5 [36]. Energetic particle bombardment plays an 
important role in these surface reactions. Although particle bombardment results in a 
number of advantages for thin film deposition, such as generating nucleation sites, 
increasing the film density, breaking bonds in film precursors which enhances reaction 
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rates, and controlling film stress, high-energy particles also may increase the defects in 
films and damage surfaces. Thus, careful design of reactor configurations and parameter 
optimization are required in PECVD processes. 
 
Table 2.5 Elementary heterogeneous processes at surfaces in plasma [36]. 
1. Ion – surface interactions 
a. neutralization and secondary electron emission 
b. sputtering 
c. ion – induced chemistry 
2. Electron – surface interactions 
a. secondary electron emission 
b. electron – induced chemistry 
3. Radical – surface or atom – surface interactions 
a. surface etching 
b. film deposition 
 
An overall PECVD process can be divided into several primary steps analogous to 
those in MOCVD process: 
(1) Generation of reactant species in plasma gas-phase reactions 
(2) Diffusion of film precursors and plasma produced reactant species to a 
deposition zone near the substrate surface  
(3) Adsorption of reactant species onto the substrate surface 
(4) Reaction at the substrate surface 
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(5) Desorption of byproducts from deposited films  
(6) Byproduct diffusion way from deposition zone 
Similar to MOCVD reactors, PECVD reactors consist of several basic 
components: precursor and gas handling, chamber and exhaust system. The primary 
difference is that a PECVD reactor needs a power supply to create the discharge. Several 
examples of PECVD configurations are shown in the Figure 2.6 [37]. Capacitively 
coupled parallel plate reactors (Figure 2.6a) are usually used for low temperature 
depositions. In this configuration, the substrate and deposited films are immersed in the 
discharge and directly exposed to particle bombardment. Inductively coupled reactors 
(Figure 2.6 b, c) and ECR reactors (Figure 2.6 d) can be used at relatively high 
temperatures. These configurations provide more control of the specific plasma chemistry 
since byproducts are not exposed to the discharge atmosphere. 
PECVD Reactor Used in This Thesis 
The downstream microwave PECVD reactor used for the studies in this thesis is a 
modification of the MOCVD system described earlier in this chapter; a schematic 
illustration of the PECVD system is shown in Figure 2.7. In this modification, an 
upstream microwave plasma source is added to the MOCVD system. As indicated by the 
figure, reactant gases flow through the plasma applicator that is connected to a 
microwave generator, prior to being introduced into the deposition chamber. The pressure 
in the deposition chamber is maintained between 1 and 2 torr during depositions. 
Microwave power is generated by a Astex AX2115 power generator and transferred in a 
wave-guide channel to the Astex AX7610-4 applicator through an Astex AX3060 
smartmatch microwave impedance matching unit. Microwave energy is coupled to the 
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flowing gas through the wall of a dielectric tube in the applicator and the smartmatch 
adjusts automatically to maximize the energy coupling efficiency. Thus, a plasma is 
produced in the dielectric tube. The outlet of the downstream plasma applicator is 
connected to a port on the side of the deposition chamber through a 90° bend so that 
essentially all of the ions and electrons produced by the plasma recombine by collisions 
with each other or on the tube walls. With this design, the reactant gases introduced into 
the reactor chamber comprise only energetic neutral species and the deposited high-k 
films are not exposed to charging induced by ions and electrons.  
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Figure 2.6 Various configurations of PECVD reactors [37]. 
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COMPARISON OF HAFNIUM OXYNITRIDE FILMS DEPOSITED 
IN O2 AND N2O MOCVD 
 
Introduction 
As elaborated in the chapter 1, when the minimum feature size in complementary 
metal-oxide-semiconductor (CMOS) devices drops below 65 nm, the gate dielectric 
thickness will fall below 1.5 nm [1].  For the current gate material SiO2, the leakage 
current of a film <1.5 nm will increase sufficiently to impair device operation.  Thus, 
high dielectric constant (high-k) materials are being investigated as replacements for SiO2 
in CMOS devices in order to reduce this leakage.  Because the dielectric constants of 
high-k materials (usually ε > 10) are larger than that of SiO2 (ε = 3.9), the high-k gate 
layer can be physically thicker than a capacitively equivalent SiO2 gate layer (t high-k/ε high-
k = t SiO2/εSiO2); as a result, the leakage current is reduced.  Recently, a number of binary 
and ternary metal oxides have been studied as candidates for new gate dielectrics, 
including Al2O3 [2], ZrO2 [3], HfO2 [4-6] and (Zr, Sn, Ti)O2 [7, 8].  
Because of its high dielectric constant (15-25), large bandgap (5.68 eV) and 
thermal stability with silicon, attention has focused on HfO2 based high-k materials.  It 
has been demonstrated that HfO2 is a promising gate dielectric material, although some 
limitations remain, such as inadequate barrier for contaminates, insufficient thermal 
stability and limited quality of the interface layer between HfO2 and the silicon substrate.  
Recent studies have indicated that hafnium oxynitride films offer improved barrier 
properties, thermal stability and electrical performance relative to hafnium oxide films [9, 
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10]. Nitrided hafnium oxide layers have been obtained by ammonia annealing of 
deposited HfO2 films [11], by the use of amide precursors (e.g., hafnium tetrakis-
dimethylamide and hafnium tetrakis-diethylamide for deposition [12-16], or by 
incorporation of nitrogen-containing reactants such as NH3 into CVD processes [17]. In 
addition, in order to improve the performance of hafnium based high-k films, post-
deposition annealing is often used to reduce the defects in the films and interfaces. 
Usually, post-deposition annealing is performed in O2 [18, 19], N2 [20, 21], N2/O2 [22], 
forming gas [23, 24], deuterium [25] or NH3 [11, 26]. But post-deposition annealing 
increases the complexity of microelectronic fabrication processes and facilities; it may 
also introduce other problems such as H contamination, EOT increase and crystallization 
by high-temperature annealing. Thus, thin film formation approaches with minimal 
limitations are desired in order to improve the performance of hafnium oxynitride films. 
Introduction of an oxidant other than O2 into MOCVD processes may affect deposition 
rate, oxidation mechanism, and thus bonding and interfacial structures of as-deposited 
high-k films (i.e., without post-deposition annealing). At present, few reports exist 
concerning successful improvement of hafnium oxynitride films by changing the 
oxidizing environment during MOCVD. Previous investigations have shown that 
hafnium oxynitride films deposited using NO or N2O at temperatures above 600 ºC 
contain higher N concentrations than films deposited with oxygen [27, 28].  However, the 
dielectric properties of nitrided HfO2 films deposited from pure NO and N2O have either 
not been reported [27], or have shown high electrical conductivity [28].   
In the studies described in this chapter, nitrided HfO2 films are deposited in a 
direct liquid injection MOCVD system with hafnium tetrakis-diethylamide (TDEAH) as 
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the precursor and N2O as the oxidant. For comparison, O2 is also used as an oxidant in 
this MOCVD system.  The deposition temperatures range from 300 ºC to 410 ºC.  
Growth kinetics, bulk and interfacial film composition, morphology, and electrical 
properties of the films deposited from N2O and O2 are described and compared. To our 
knowledge, this work represents the first systematic study addressing the effects of 
oxidizing environment in hafnium oxynitride MOCVD.  
Experimental 
Film Deposition 
All films were deposited on 4-inch p-type (100) silicon wafers with resistivity < 
0.01 Ω/cm.  Prior to deposition, silicon wafers were cleaned by a standard RCA sequence 
followed by a 30 sec dip in 1% HF solution.  The RCA clean first invoked immersion in a 
5:1:1 H2O : 29 % NH4OH : 30 % H2O2 solution for 5 min at 70-80 oC.  After a de-
ioinized (DI) water rinse and exposure to an aqueous 1 % HF solution for 30 sec, the 
wafers were immersed in a 6:1:1 H2O : 30 % H2O2 : 37% HCl solution for 5-10 min at 70 
oC.  Following a rinse in DI water, the wafers were blown dry in nitrogen.  Nitrided HfO2 
films were deposited in the direct liquid injection MOCVD system that is already 
described in detail in chapter 2.  The hafnium precursor used for film deposition is 
hafnium tetrakis-diethylamide (Hf(NC2H5)4, TDEAH).  In a typical deposition, liquid 
precursor was transported to the evaporator with dry helium at a flow rate of 0.03 or 0.06 
ml/min and evaporated at 95 ºC.  The evaporated precursor was mixed with 200 sccm 
helium carrier gas and delivered to the reactor through a line heated to 105 ºC.  Oxygen 
or nitrous oxide flowed into the chamber at the rate of 100 sccm through a separate line. 
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Reactor pressure was maintained at 2 Torr.  Deposition temperatures ranged from 300 ºC 
to 410 ºC.  Unless otherwise noted, the deposition time was 10 minutes.  
Film Thickness Measurement 
Film thickness was measured on a Woollam Variable Angle Spectroscopic 
Ellipsometer (VASE) with a spectral range from 700 nm to 1200 nm at an angle of 75°. 
Five spots on wafers were measured and averaged to yield the film thickness; locations of 
measured spots on wafers are shown in Figure 3.1. 
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Figure 3.1 Locations of five measured spots on 4-inch wafers. 
Composition and Interface Measurements 
X-ray photoelectron spectroscopy (XPS) is currently one of the widely used 
surface analysis techniques. It can give information about composition and binding 
environment of surfaces.  
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As shown in Figure 3.2, in XPS measurements, the analyzed surface is irradiated 
by a monochromatic X-ray beam and a photon with energy of hv could interact with an 
electron in nucleus. After the electron obtains energy from photon, a photoelectron is 
ejected. The kinetic energy of the ejected electron (E KE) can be expressed as: 
E KE = hv – E B - Φ S                                      (1) 
Φ S is the work function that is a small constant of the given spectrometer; E B is 
the binding energy of the electron. The ejected electrons can come from core shells or 
from outer shells of nucleus. But in XPS, most attention is focused on electrons from core 
shells. Because the electronic binding energies for different elements are different, 
analyzing the kinetic energies of ejected photoelectrons can be used on elemental analysis. 
The concentrations of atoms giving out photoelectrons are estimated with considering the 
atomic mass, photoemission cross-section, electron attenuation length, and detection 
efficiency. The kinetic energies of photoelectrons are usually low so that their attenuation 
lengths are very short. Only electrons emitted from the surface area of materials can flow 
out of the surface and reach the detector, thus XPS can only provide the elemental 
information of top surface of films (about 7-10 nm). In addition, from equation (1), it 
shows that any change of binding energy will be reflected on the kinetic energy of 
photoelectrons. The change of bonding structure and environment of atoms leads to the 
shift of binding energy. Hence, based on the binding energy positions, the bonding 












Figure 3.2 Schematic diagram of photoelectron emission processes. 
 
Composition measurements of the films were performed on a PHI 1600/3057 X-
ray Photoelectron Spectrometer (XPS) with a standard aluminum x-ray source.  Typically, 
60 seconds of sputtering was performed with an Ar ion gun at 2 keV and 20 mA prior to 
XPS measurements.  For high resolution scans, pass energy was 23.50 eV, scan step was 
0.025 eV and scan speed was 100 sec/step. For each sample, two spots on the film were 
measured and the atomic concentration of elements in each measured spot was calculated 
three times by the XPS data analyzer Multipak. The average of all the calculated 
concentrations was reported as the composition of the sample. The as-deposited films 
were thinned to allow interfacial XPS measurements by chemical etching with either 
0.5% or 0.25% HF solutions.  
Morphology Measurements 
Due to inadequate sensitivity, conventional X-ray diffraction in the Bragg-
Brentano geometry was not useful for the study of these thin films.  Therefore, Grazing 





and thus characterize the crystallinity of the deposited films.  X-ray diffraction patterns 
were collected using a X-Pert MRD Panalytical Diffractometer; the experimental 
configuration is shown schematically in Figure 3.3.  Use of a multiplayer parabolic 
mirror allowed the divergent incident X-ray beam to be converted into an intense 
monochromatic parallel beam.  The parallel incident beam irradiates the sample at a 
grazing angle, with a fixed angle of incidence of 0.7 degrees, while a proportional 
detector scans over two theta, thereby collecting the X-ray diffraction pattern.  In order to 
preserve the parallel beam geometry, a 0.27 degree parallel plate collimator and 0.04 rad. 
soller slits were inserted before the detector. The measurements were carried out using 
CuKα radiation. 
 





Electrical properties of HfO2 films were measured using MIS capacitors.  HfO2 
films were deposited onto p-type silicon wafers with low (< 0.01 Ohm-cm) resistivity.  A 
blanket aluminum film of thickness ~ 300 nm was sputtered onto the wafer backside and 
circular platinum electrodes with 1.8 mm diameter (~200 nm thickness) were sputtered 
onto the HfO2 films through a shadow mask.  Capacitance-voltage (C-V) analyses were 
conducted on a Keithly 550 CV analyzer and current–voltage (I-V) analyses were 
performed with a Hewlett Packard 4156A Precision Semiconductor Analyzer. C-V 
measurements were performed at 100 kHz and the sweep voltage range was –5 V to +5 V. 
On each wafer, six electrodes were measured and the average was reported as the final 
result. 
Thermal Stability 
To determine if the films deposited by O2 and N2O MOCVD are stable to the high 
temperature processing that is typically used in microelectronic device and circuit 
fabrication, deposited films were annealed by rapid thermal processing (RTP) at 900 ºC 
under N2 protection. During the RTP process, the temperature was raised to 900 ºC in 10 
seconds and held at that temperature for 10 seconds; the furnace was then cooled down to 
room temperature in 2.5 minutes. The annealed films were characterized by GIXRD and 





Results and Discussion 
Deposition Kinetics 
Deposition rates of nitrided HfO2 films using TDEAH with either oxygen or 
nitrous oxide were obtained at four different temperatures: 300 ºC, 350 ºC, 390 ºC, and 
410 ºC; deposition time was fixed at 10 minutes.  Precursor, oxidant, and carrier gas flow 
rates for the depositions are listed in Table 3.1.   
Thickness of these deposited films was measured by ellipsometry. For the same 
precursor flow rate, oxidant gas flow rate and deposition temperature, film deposition 
rates in oxygen are higher than those in nitrous oxide.  In addition, for depositions in 
nitrous oxide, increasing precursor flow rates as well as increasing nitrous oxide flow 
rates increase the deposition rates. Deposition rates increase with substrate temperature in 
the range of 300 – 410 ºC, for both oxidants; Arrhenius plots of the HfO2 film growth rate 
are shown in Figure 3.4.  The linear relationship illustrates that over this temperature 
regime, film growth is controlled by precursor decomposition.  Effective activation 
energies are 13.6 kcal/mol for O2 and 9.9 kcal/mol for N2O deposition.  The differences 
observed can be partly attributed to the higher bond energy for oxygen (O-O: 119.2 
kcal/mol) relative to nitrous oxide (N2-O: 39.5 kcal/mol) although the gas phase 











Precursor flow rate 
ml/min 




HP1 0.06 100 sccm O2 200 300 
HP2 0.06 100 sccm O2 200 350 
HP3 0.06 100 sccm O2 200 390 
HP4 0.06 100 sccm O2 200 410 
HP5 0.06 100 sccm N2O 200 390 
HP6 0.03 100 sccm N2O 200 300 
HP7 0.03 100 sccm N2O 200 350 
HP8 0.03 100 sccm N2O 200 390 
HP9 0.03 100 sccm N2O 200 410 
HP10 0.03 200 sccm N2O 100 390 
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Figure 3.4 (a) Comparison of film growth rates in O2 and N2O at different temperatures. 




Morphologies of deposited HfO2 films were characterized by GIXRD 
measurements.  Figure 3.5 shows GIXRD patterns of the nitrided HfO2 films deposited in 
oxygen at substrate temperatures of 350 °C, 390 °C and 410 °C.  It is obvious that films 
deposited in oxygen contain crystalline phases.  Peak intensities were normalized to the 
maximum intensity diffraction peak for each pattern; Bragg reflection indices are noted 
on the figure.  Although the cubic and tetragonal phases of HfO2 films have similar 
GIXRD patterns, the observed peaks match the standard powder file of cubic phase (PDF 
reference code:  00-053-0560 Figure 3.7) better than those of the tetragonal phase. Peaks 
at 2 theta angles of 30.55 °, 35.47 °, 51.11 °, 60.71 °, 63.83 °, 74.78 °, 82.82 ° in the 
collected diffraction patterns correspond to the (111), (200), (220), (311), (222), (400), 
(331) diffractions of the cubic hafnium oxide phase respectively.  Clearly, nitrided HfO2 
films deposited in oxygen have high crystalline phase content, even when the substrate 
temperature is as low as 350 °C.  These conclusions are also in agreement with other 
studies that have reported cubic phase HfO2 formation at low temperatures [31].  When 
the deposition temperature is lowered from 410 °C to 350 °C, an amorphous reflection 
peak around 32.0° – 33.5 ° appears.  Therefore, the films deposited at 350 °C are more 
likely mixtures of cubic crystallites and amorphous phases.  In addition, when the 
substrate temperature is increased from 350 °C to 410 °C, the full width half maximum 
(FWHM) of the peaks decreases, indicating that films deposited at higher temperatures 
contain larger crystallites.  
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Figure 3.6 shows the GIXRD patterns of nitrided HfO2 films deposited from 
nitrous oxide. In each scan, a broad diffuse peak centered around 32o can be observed, 
which demonstrates that the HfO2 films deposited in nitrous oxide are amorphous to the 
detection limit of GIXRD (<2.0 nm crystallite size) at all deposition temperatures.  These 
observations indicate that the oxygen source used for deposition is an important 
parameter in establishing the specific crystalline phase in HfO2 films deposited within 
this particular temperature range.  
Because of the bond energy in nitrous oxide (N2-O: 39.5 kcal/mol) is smaller than 
that in oxygen (O-O: 119.2 kcal/mol), more oxygen radicals can be provided by nitrous 
oxide dissociation in the low temperature range employed in this study. Thermal 
reactions in both oxidants are shown below [32]: 
In oxygen, 
O2 → 2O 
2O → O2 
In nitrous oxide, 
N2O → N2 + O 
O + O → O2 
O + N2O → 2 NO 
O + N2O → N2 +O2 
O + NO → NO2 + hv 
NO2 + N2O → N2 + O2 + NO 
Although reactions in nitrous oxide seem complicated, at low temperatures, most 
of the products of thermal reactions are N2, O2, and O radicals [32]. It is believed that 
 62
oxygen radicals promote the formation of amorphous hafnium oxynitride films as result 
of two factors. First, oxygen radicals promote gas phase reactions so that more oxygen-
containing film precursor can be produced. Film precursors adsorb onto the substrate 
surface and form films without leaving much time for surface diffusion; thus, deposited 
layers have little time to transform into ordered crystalline structures. Second, oxygen 
radicals have high sticking coefficients on silicon substrates, thereby inhibiting diffusion 
on the surface [33]. These two reasons probably account for the fact that films deposited 
in nitrous oxide are amorphous. The results have demonstrated that deposition using 
oxygen radicals is an efficient method to grow amorphous hafnium oxynitride, which is 
regarded as a poor glass forming material [34, 35]. 
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Figure 3.5 X-ray diffraction patterns of HfO2 films deposited under O2 atmosphere. 
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Figure 3.7 Stick pattern of cubic hafnium oxide crystals, PDF reference code: 00-053-
0560. 
 
Since amorphous dielectric films provide an improved barrier to dopant diffusion 
relative to that in polycrystalline films where diffusion occurs readily at crystallite grain 
boundaries, improved reliability of devices fabricated from amorphous films should 
result [36].   
Composition and Interface Measurements 
XPS survey spectra of nitrided HfO2 films deposited in oxygen and nitrous oxide 
display a N1s peak at 392.0 eV, which confirms film nitridation [27, 28].  As reported 
previously [14], nitrogen in the films arises from the amide precursor.  In addition, a C1s 
peak at 284.8 eV was detected in the XPS spectra of films deposited in both oxidants.  
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High-resolution XPS scans after 60 sec Ar ion sputtering have been used to 
estimate elemental film composition.  The films consist of Hf, O, N and a small amount 
of C residue. Their atomic ratios are shown in Tables 3.2 and 3.3. For films deposited in 
oxygen, carbon concentrations are in the range of 2.5-4.5 at. %.  Nitrogen concentrations 
for these films are in the range of 0.5-2.0 at. %.  When the deposition temperature 
changes, the carbon content and nitrogen content have no obvious change within the error 
range of the measurement.   
For films deposited using nitrous oxide, 3.0-6.5 at. % carbon is incorporated, 
which is higher than the amount of carbon incorporated into films deposited with oxygen 
as the oxidant gas.  No obvious trend of carbon concentration with temperature is 
observed.  For the N2O-based films, nitrogen concentrations are 0.6-2.0 at. %, which is 
similar to those of the films deposited in oxygen. Furthermore, the N1s spectra also 
consist of Hf-N and N-C peaks. The N1s peak at 400.5 eV is also attributed to residual –
N(CH3)4 ligands from the precursor. 
 
Table 3.2 Atomic concentrations of films deposited by O2 MOCVD.
Deposition Temp.(oC) O at.% Hf at.% N at.% C at.% 
300 65.31±1.1 30.81±0.5 1.04±0.3 2.84±1.1 
350 62.46±1.1 33.05±0.5 1.63±0.8 2.86±0.9 
390 61.9±1.1 32.15±0.4 1.53±0.5 4.42±0.8 




Table 3.3 Atomic concentrations of films deposited by N2O MOCVD. 
Deposition Temp.(oC) O at.% Hf at.% N at.% C at.% 
300 58.96±0.5 37.17±1.1 0.61±0.3 3.26±0.5 
350 60.59±1.0 33.21±0.3 1.68±0.4 4.52±1.4 
390 64.83±1.2 31.04±1.2 1.14±0.6 2.99±0.5 
410 61.09±0.7 31.5±1.2 1.28±0.7 6.13±1.5 
 
The O/Hf molar ratio of films deposited in O2 and N2O display no obvious 
differences; the ratio is ~2 for both films, as shown in Figure 3.8. Such observations 
indicate that the specific oxidizing environment (O2 or N2O) does not significantly 
change the oxygen content in the films. 
















 Films deposited by O2 MOCVD
 Films deposited by N2O MOCVD
 
Figure 3.8 O/Hf molar ratio in hafnium oxynitride films deposited in oxygen and nitrous 
oxide. All films are deposited at 350 oC. 
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 In order to characterize interfacial composition at the oxynitride film/silicon 
substrate, films were deposited using either oxygen or nitrous oxide with the same 
oxidation time (10 minutes) at 350 °C; the O2-grown film had a thickness of 135 nm, 
while the N2O-based film had a thickness of 36 nm.  Both films were etched in dilute HF 
solutions to obtain solution etch rate data and to reduce their thickness for subsequent 
XPS studies of the interface with silicon. Because the densities of the two films are 
different, the film deposited in oxygen was etched in 0.5% HF solution while the film 
deposited in nitrous oxide was etched in 0.25% HF solution.  Film thickness is plotted in 
Figure 3.9 as a function of solution etch time.  The etch rate data clearly indicate that two 
layers with different composition/bonding structures are present in the deposited films. 
The top layers of the films have higher etch rates in HF solution than do the bottom 
layers. The estimated thickness of the bottom layer deposited in nitrous oxide is ~28% of 
the total film thickness, while the percentage is ~30% for the film deposited in oxygen.  
These data suggest that nitrous oxide- and oxygen-based depositions yield similar 
interfacial thickness, at least as measured by dilute HF etch rates.  The etch rates of the 
film deposited in oxygen (in 0.5 % HF solution, 9.4 nm/min for the bulk and 0.6 nm/min 
for the interfacial layer) are lower than those of the film deposited in nitrous oxide (in 
0.25 % HF solution, 45.3 nm/min for the bulk and 11.5 nm/min for the interfacial layer) 
although the oxygen-deposited film was etched in the HF solution with higher 
concentration.  The lower each rate of films deposited with oxygen shows they have 
higher density than films deposited with nitrous oxide [37].  Such results are consistent 
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with the GIXRD studies described above, since it is believed that amorphous films etch 
more rapidly than do crystalline films.   
 
Figure 3.9 Film thickness vs etching time. (a) HfO2 films deposited in oxygen and etched 
in 0.5% HF. (b) HfO2 films deposited in nitrous oxide and etched in 0.25%HF. 
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After both films were etched to 6.7 ± 0.5 nm, XPS analyses were performed on 
the resulting films to characterize their interfaces with silicon; Figure 3.10 a, b show the 
Si 2p spectra for both films.  Each Si 2p spectrum has two peaks with binding energies of 
99.6 eV and 102.6 eV.  The 99.6 eV peak is attributed to Si-Si bonds and the peak at 
102.6 eV is associated with Si-O bonds (including Si-O-Si bonds and Si-O-Hf bonds) 
[13].  Hafnium atoms and nitrogen atoms are also detected in this interface layer. These 
results confirm that the interfacial layers in both films are nitrided hafnium silicate. The 
composition difference between the bulk and interfacial layers of the films partly 
accounts for the different etch rates in dilute HF solutions.  Figures 3.11a and 3.11b 
compare the XPS N1s spectra of the bulk and interfacial regions of the two films.  Figure 
3.11a demonstrates that the nitrogen concentrations in the bulk regions of the two films 
are similar.  However, the nitrogen concentration in the interfacial region of the film 
deposited in oxygen (9.30 at.%) is significantly higher than that in the bulk (1.87 at.%), 
while the nitrogen concentration in the interfacial region of the film deposited in nitrous 
oxide (1.62 at.%) is slightly reduced relative to that in the bulk (2.49 at.%), as Figures 
3.11b and 3.12 show.  Based on these results, the concentration of nitrogen accumulates 
at the film interface with silicon for films deposited in oxygen while for films deposited 
in nitrous oxide; the nitrogen concentration at the interface with silicon is reduced. Also, 
Hf4f peaks of the interfacial regions shift to higher binding energies compared to Hf4f 
peaks of the film bulk regions, as shown in Figure 3.13. For films deposited at 350 °C, 
Hf4f binding energies are 17.24 eV for the bulk of oxygen-deposited films, 17.48 eV for 
the interface of oxygen-deposited films; 17.24 eV for the bulk of nitrous oxide-deposited 
films, 17.96 eV for the interface of nitrous oxide-deposited films. These results indicate 
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that hafnium species in the interfacial layers are more completely oxidized than those in 
the bulk regions for both films. In addition, the results demonstrate that the interfacial 
regions of nitrous oxide- deposited films are more fully oxidized than the interfaces of 
oxygen-deposited films. 
Figure 3.10 (a) XPS Si2p spectra of films deposited with oxygen; (b) XPS Si2p spectra of 
films deposited with nitrous oxide. 
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Figure 3.11 (a) XPS N 1s curves of the surfaces of as-deposited films. (b) XPS N 1s 
curves of the interfaces of the films that are exposed by HF etching. 
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 Interface of N2O MOCVD films
 
Figure 3.12 Comparison of N concentrations in films (bulk and interface) deposited in O2 
and N2O. 



















 N2O MOCVD films interface
 O2 MOCVD films interface
 N2O MOCVD films bulk
 O2 MOCVD films bulk
 
Figure 3.13 Comparison of XPS Hf4f7/2 peak positions at films (bulk and interface) 
deposited in O2 and N2O. 
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The different nitrogen profiles observed in the films deposited in the two oxidants 
can result from at least two considerations.  In crystallized films, nitrogen atoms can 
readily diffuse along grain boundaries and accumulate at the interface between the high-k 
film and the silicon substrate [38].  Because hafnium oxide films deposited in nitrous 
oxide are amorphous based on GIXRD measurements, nitrogen atom diffusion is 
inhibited while crystalline films deposited in oxygen more readily permit nitrogen 
diffusion.  Furthermore, because the N2-O bond energy of nitrous oxide (39.5 kcal/mol) is 
substantially less than the O-O bond energy of oxygen (119.2 kcal/mol), more highly 
reactive oxygen species are available from nitrous oxide than from oxygen at the low 
temperatures involved in this study [29].  The higher concentration of reactive oxygen 
species thus results in more extensive replacement of nitrogen atoms in the bulk and 
especially in the interfacial region of nitrided hafnium oxide films with the silicon 
substrate [39, 40].  Higher concentration of reactive oxygen species also results in more 
completely oxidized hafnium species in the interfacial regions of films deposited in 
nitrous oxide. 
For the above reasons, lower nitrogen concentrations exist at the interface of 
nitrous oxide-deposited films with silicon relative to those of films deposited in oxygen.  
In addition, these considerations can explain the slightly smaller nitrogen concentration in 
the bulk of nitrous oxide-deposited films compared to that in the bulk of oxygen- 
deposited films.  Such results suggest that chemical vapor deposition with an amid 
precursor and nitrous oxide offers an alternate approach to the design of nitrided hafnium 
oxide films with desired nitrogen concentrations and distributions. Unlike post-annealing 
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nitridation techniques and oxygen-based depositions, nitrous oxide-assisted 
decomposition of amid precursors can introduce nitrogen atoms into the bulk of deposited 
films but keep the nitrogen concentration at the interface with silicon low.  The specific 
nitrogen distribution is critical, since nitrogen atoms at the interface between high-k films 
and silicon substrates are believed to degrade the performance of electronic devices [38].   
Electrical Properties 
Accumulation capacitance measurements on metal-oxide-semiconductor capacitor 
structures using HfOxNy films yielded the dielectric constants listed in Table 3.4.  Films 
deposited in oxygen have dielectric constants in the range of 20.0 to 25.0 while the 
dielectric constants of films deposited in nitrous oxide range between 15.0 and 19.0. The 
lower dielectric constants of films obtained from nitrous oxide result from the lower 
cystallinity of these films [16]; such conclusions are consistent with the XRD results that 
were discussed earlier in this chapter.  Capacitance – voltage (CV) plots (Figures 3.14 
and 3.15) indicate that the voltage range for the depletion region (voltage necessary to 
transition from inversion to accumulation) for films deposited in nitrous oxide is smaller 
than that for films deposited in oxygen; differences are more apparent for films deposited 
at lower temperatures.  The average oxide charge concentrations of the films were 
determined from the flatband shift of high-frequency CV plots using Qox = Ci ∆Vfb /q [41, 
42];  results are shown in Table 3.5. For these calculations, the Pt work function is 5.3 V, 
Si work function is 4.05, and boron doping density is 1019/cm3. Clearly, films deposited 
from nitrous oxide have fewer interface traps than do films deposited in an oxygen 
environment.  The combination of electrical properties, XRD data, and XPS results 
indicate that the difference in oxide charge densities of the HfOxNy films can be 
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explained by the different nitrogen concentrations and oxidation extent of hafnium at the 
interface of the films with silicon. Possible reasons for the improved electrical properties 
of films deposited from N2O MOCVD will be discussed later in this chapter.  Although 
increased nitrogen concentration may increase the dielectric constant of the high-k film, 
the accumulated nitrogen also introduces traps (states) at the interface and thus degrades 
the electrical performance of devices.   
 
Table 3.4 Dielectric constants of the hafnium oxide films deposited in oxygen and nitrous 
oxide (error bar: ± 1.0).  
Oxidant 300 oC 350 oC 390 oC 410 oC 
O2 21.7 22.3 20.1 24.2 
N2O N/A 18.3 18.6 15.4 
 
Table 3.5 Oxide charge densities of MIS structures from films deposited in oxygen or 
nitrous oxide at different temperatures (error bar: ± 2.0 e11). 
Oxide charge density (/cm2 ) Oxidant 
350 °C 390 °C 410 °C 
Oxygen 3.51e12 7.22e11 5.11e11 
Nitrous oxide 2.11e12 5.56e11 3.90e11 
 
Current – voltage (IV) plots (Figures 3.16 and 3.17) and leakage currents 
measured at 0.2 MV/cm (Table 3.6) indicate that MIS structures of the films deposited 
from nitrous oxide have comparable or smaller current flow (leakage) than do films 
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deposited from oxygen at deposition temperatures below 400oC.  These data indicate that 
the amorphous structure and the lower nitrogen concentration in interfacial layers of 
hafnium oxynitride films obtained from deposition in nitrous oxide can reduce the 





































































Figure 3.14 Capacitance – voltage curves of MIS capacitors from films deposited in 
oxygen; thicknesses of the films are 51 nm, 80 nm, 134 nm respectively. 
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Figure 3.15 Capacitance – voltage curves of MIS capacitors from the films deposited in 
oxygen; thicknesses of the films are 29 nm, 54 nm, 123 nm respectively. 
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Figure 3.16 Leakage current – voltage curves of MIS capacitors from films deposited in 
oxygen. 
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Table 3.6. Leakage current of MIS structures from films deposited in oxygen or nitrous 
oxide at different temperatures with an applied electric field of 0.2 MV/cm. 
 
Leakage current at different temperatures (A/cm2 ) Oxidant 
350 °C 390 °C 410 °C 
Oxygen 1.90e-5 8.40e-7 6.25e-7 
Nitrous oxide 4.35e-7 4.40e-7 8.54e-6 
 
Thermal Stability 
In order to determine the thermal stability of films deposited in oxygen and 
nitrous oxide, hafnium oxynitride films were annealed in nitrogen by rapid thermal 
processing (RTP) at 900 °C for 10 seconds. Figure 3.18 shows the GIXRD patterns of 
annealed films that had been deposited at 350 °C. For the film deposited with oxygen, the 
crystalline phase changes from cubic to monoclinic after high-temperature annealing. 
Previous studies have reported that the monoclinic phase is the most stable phase of 
hafnium oxide at temperatures below 1700 °C [43]. The phase of the film deposited from 
nitrous oxide becomes crystalline (from amorphous) after 900 °C RTP annealing; both 
monoclinic and tetragonal phases are detected by GIXRD (Figure 3.18 b). These results 
indicate that in order to maintain hafnium oxynitride films deposited in nitrous oxide 
amorphous, high temperature annealing during microelectronic processing sequences 
must be avoided.  
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Figure 3.18 (a) GIXRD patterns of 900 °C RTP annealed films that had been deposited in 
oxygen; (b) GIXRD patterns of 900 °C RTP annealed films that had been deposited in 
nitrous oxide. Both films were deposited at 350 °C. 
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Reasons for Electrical Property Improvement of Films Deposited in N2O 
Since the early 1960s, defects present in silicon oxide gate dielectrics have been 
investigated intensively because an understanding of the origin of defects in gate 
dielectrics, especially at the SiO2/Si interface, is essential to performance improvement of 
transistors [44-49]. For the SiO2/Si interface, it is widely accepted that the defects present 
originate from a number of sources as illustrated in Figure 3.19 [50]: 
 
Figure 3.19 Schematic illustration of likely defect sources at the silicon oxide/silicon 
interface [50]. 
 
(1) Trivalent silicon, ≡ Si· : This defect is positively charged after capturing a 
hole or remains neutral when empty. It is believed to be one of the most common 
origins of interface states. 
(2) Nonbridging oxygen, ≡ Si – O· :  This defect forms when a Si - O bond is 
broken. 
(3) Weak Si - Si bond:  This defect is the source of trivalent silicon. 
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(4) Strained Si – O bond:  This defect has a reduced energy for bond breakage. 
(5) Hydrogen – containing species such as – H, - OH:  These defects are 
formed by H2O or other H sources upon reaction with trivalent silicon or 
nonbridging oxygen.  
(6) Impurities, such as P, B, or metals. 
In high-k oxides, defects include intrinsic defects in oxides and defects at the 
high-k oxide/Si interface. High-k oxides contain more intrinsic defects than silicon oxide 
because of their ionic bonding and high coordination number. The fluorite structure of 
hafnium oxide is shown in Figure 3.20 [51]. Cations are arranged in the face-center-cubic 
(fcc) structure and anions are located at the tetragonal sites between cations. Cations have 
a coordination number of 8 and anions have a coordination number of 4. Unlike silicon 
oxide, defects in high-k oxides (such as broken bonds because of high strain stress) are 
difficult to eliminate by bond re-formation that causes a relaxation of the bonding 
network. The origins of intrinsic defects in high-k oxides are usually oxygen vacancies 




Figure 3.20 Fluorite structure of hafnium oxide. Hafnium cations are at positions such as 
A, B, C, D; oxygen anions are at positions such as 5-12 [51]. 
 
For high-k oxide/Si interfaces, some defects are similar to those at silicon oxide/ 
silicon interface such as ≡ Si ⋅ and ≡ Si – O ⋅ because the interface is essentially a mixture 
of metal oxide and silicon oxide. At the ideal high-k/Si interface, theoretical calculations 
using local density approximation (LDA) have shown that the most stable ZrO2/Si 
interface structure contains threefold coordinated oxygen atoms (represented by O3), as 
shown in Figure 3.21 [52]. Half of the oxygen atoms are bonded to two silicon atoms and 
one zirconium atom, the other half are bonded to two zirconium atoms and one silicon 
atom. Oxygen vacancies that result from the loss of threefold coordinated oxygen atoms 
(V3) cause the films to be metallic. Because of the similarity between zirconium and 
hafnium, it is believed that the hafnium oxide/silicon interface has similar chemical and 
physical structures and thus electrical properties. By density functional theory (DFT) 
calculations, it has been shown that electrons can be removed from V3 oxygen vacancies 
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in hafnium oxide films to form stable V3+ or V32+ defects [53, 54]. Electron affinities of 
oxygen vacancy defects are shown in a schematic energy diagram Figure 3.22. From this 
diagram, it can be seen that electrons may tunnel from the silicon conduction band into 
these defect levels (vacancies) in hafnium oxide or hafnium oxynitride films and degrade 
the performance of transistors. 
 
Figure 3.21 Atomic structure of stable zirconium oxide/silicon interface that is similar to 
hafnium oxide/silicon interface. Red: oxygen, blue: zirconium, yellow: silicon. Two 




Figure 3.22 Schematic energy level diagram of various defects in hafnium oxide [54]. 
 
By density functional theory (DFT) calculations [54], the incorporation of atomic 
oxygen into hafnium oxide is believed to be energetically favored and thus able to 
remove intrinsic oxygen vacancies in hafnium oxide films. In addition, previous studies 
have shown that oxygen radicals can remove the defects at the silicon oxide/silicon 
surface such as ≡ Si – O ⋅, – H, and – OH [55-57]. Such theoretical and experimental 
results are consistent with the above assumption that oxygen radicals from the 
dissociation of nitrous oxide are the reason for improved electrical properties of films 




Nitrided hafnium oxide films were deposited using either oxygen or nitrous oxide 
as the oxidant by direct liquid injection MOCVD.  Deposition kinetics, crystallinity, 
chemical composition, bonding structure, and dielectric properties are compared. 
Depositions in oxygen display an activation energy of ~13.6 kcal/mol while the 
activation energy for depositions in nitrous oxide is ~9.9 kcal/mol. GIXRD results 
illustrate that nitrided hafnium oxide films obtained from nitrous oxide are amorphous 
while the films deposited in oxygen are mixtures of amorphous and cubic phases.  XPS 
measurements demonstrate that the nitrogen concentration in the films obtained from 
oxygen is 0.5-2 % and the nitrogen concentration in the films deposited from nitrous 
oxide is 0.6-2 %.  Both films contain hafnium silicate interfacial layers of equivalent 
thickness.  Nitrogen content at the interface with silicon of films deposited in nitrous 
oxide is much smaller than that at the interface of films deposited in oxygen. The 
amorphous structure of nitrous oxide deposited films appears to inhibit the diffusion of 
nitrogen atoms through the growing films and thus reduce the nitrogen concentration at 
the silicon interface.  Variations in dielectric constant of the films (20-25 for films 
deposited in oxygen, 15-19 for films deposited in nitrous oxide) result from the different 
phases and nitrogen content present.  Lower nitrogen content and more completely 
oxidized hafnium species in the interfacial region of films deposited in nitrous oxide 
result in fewer interface traps and improved electrical properties of the films. These 
results indicate that chemical vapor deposition using an amide precursor and nitrous 
oxide in a liquid injection system is a promising approach to engineer the nitrogen 
content of nitrided hafnium oxide films. 
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EFFECT OF OXIDANT ON DOWNSTREAM MICROWAVE 
PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION (PECVD) 
 OF HAFNIUM OXYNITRIDE FILMS 
 
Introduction 
The previous studies have demonstrated that the specific oxidant used for direct 
liquid injection MOCVD hafnium oxynitride film deposition causes substantial variations 
of the morphology, nitrogen distribution and electrical properties of the films. From the 
previous studies, it is concluded that oxygen radicals and nitrogen species in the 
deposition environment are important factors that establish the structure and properties of 
deposited hafnium oxynitride films. In order to enhance radical concentrations in low 
temperature deposition and further clarify the effects of oxygen radicals and nitrogen 
species on the deposition and properties of hafnium oxynitride films, plasma excitation 
can be employed to allow low deposition temperatures. In fact, plasmas have already 
been widely used to anneal and deposit silicon oxide dielectric and high-k films (HfO2, 
ZrO2, Y2O3 etc) [1-22]. However, as Table 4.1 shows, little research on the plasma 
enhanced chemical vapor deposition (CVD) or atomic layer deposition (ALD) of hafnium 
oxide/oxynitride have been reported and few of these studies use remote plasma 
configurations despite the fact that hafnium oxide/oxynitride is currently regarded as one 
of the most promising candidates for a high-k gate insulator in MOS devices/circuits. 
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More effort on this topic is needed to understand the effects of plasma on high-k film 
deposition rates and film properties and possibly to develop novel processing techniques. 
In this chapter, a downstream microwave plasma system is used to deposit 
hafnium oxynitride films with different oxidants. The effects of oxygen atoms and 
nitrogen species on the structures and properties of hafnium oxynitride films are studied. 
Compared with direct plasma enhanced chemical vapor deposition [23], downstream 
microwave plasma enhanced CVD (PECVD) has several advantages: (1) most electrons 
and ions recombine by wall collisions prior to reaching the substrate surface thereby 
reducing surface charging; (2) downstream plasmas can avoid or minimize direct ion and 
electron bombardment and thus  radiation damage to the deposited films; (3) high power 
levels can be applied to the microwave plasma to obtain a high flux of reactive radicals 
without sputtering or etching the growing film. Microwave plasma activated O2, O2/He, 
N2O, and N2O/N2 are employed as the oxidants in hafnium oxynitride deposition; oxidant 
effects on the deposition kinetics, film morphology, interface composition and electrical 
properties of the PECVD deposited films are discussed. 
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Table 4.1 Summary of previous studies on plasma enhanced CVD of hafnium oxide/hafnium oxynitride films 
 







Inductively coupled rf 
remote plasma, 50 W 
Hf[OC(CH3)3]4  
O2, N2O 
275 - 425 Monoclinic phase films obtained 
[25] HfOxNy Inductively coupled rf 
remote plasma, 50 W 
Hf[OC(CH3)3]4  
He/O2, He/N2O 
390 Nitrogen atoms incorporated, no 
further details 
[26] HfOxNy Capacitively coupled rf 
plasma, 40 W 
Hf[OC(CH3)3]4 , N2 300 Nitrogen atoms incorporated 
increased crystallization 
temperature 200 oC 
[27] HfO2 Parallel plates reactor,  
20 W 
Hf[OC(CH3)3]4 , Ar/O2 250  Monoclinic phase films obtained 
[28] HfO2 Microwave ECR ALD 
reactor, 2.5 kW 





The downstream microwave plasma enhanced CVD system is a modification of 
an MOCVD reactor with a direct liquid injection (DLI) system that has been described 
previously [29]. A schematic of the modified PECVD system has been shown in Chapter 
2.  Oxidants flow through the downstream microwave plasma applicator where they are 
dissociated prior to introduction into the reactor chamber. A 90° bend in the transport 
tube ensures that most ions and electrons generated are eliminated by wall recombination 
or collisions.  
P-type silicon wafers (resistivity < 0.01 Ω/cm, <100> orientation) were used as 
substrates. Before being loaded into the reactor, wafers were cleaned by a standard RCA 
sequence followed by a 30 sec dip in 1% HF solution. The RCA clean comprised 
immersion in a 5:1:1 H2O : 29 % NH4OH : 30 % H2O2 solution for 5 min at 70-80 oC 
followed by a de-ioinized (DI) water rinse and exposure to an aqueous 1 % HF solution 
for 30 sec; the wafers were then immersed in a 6:1:1 H2O : 30 % H2O2 : 37% HCl 
solution for 5-10 min at 70 oC.  Following a rinse in DI water and another 30 sec dip in 
1% HF solution, the wafers were blown dry in nitrogen. The hafnium precursor employed 
is hafnium tetrakis-diethylamide (Hf(NC2H5)4, TDEAH) which has a low decomposition 
temperature (~120 oC) and a high vapor pressure (7.5 Torr at 80 oC). During deposition, 
liquid precursor was transported to the evaporator with dry helium at a flow rate of 0.03 
ml/min and evaporated at 95 ºC.  The evaporated precursor was mixed with 200 sccm 
helium carrier gas and delivered to the reactor through a line heated to 105 ºC.  Oxidants 
flowed into the chamber through the downstream microwave plasma applicator at the rate 
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of 100 sccm. The oxidants studied were oxygen, an oxygen/helium mixture, nitrous oxide, 
and a nitrous oxide/nitrogen mixture. The ratios of oxygen/helium and nitrous 
oxide/nitrogen mixtures were changed from 100 sccm/0 sccm to 10 sccm/90 sccm but the 
flow rate of all oxidant mixtures was 100 sccm. Reactor pressure was maintained at 2 
Torr.  Deposition temperatures ranged from 250 ºC to 390 ºC.  The deposition time was 
10 minutes. For comparison, MOCVD was performed on the same configuration without 
applying microwave power. 
Film Thickness Measurement 
A Woollam Variable Angle Spectroscopic Ellipsometer (VASE) was used for 
film thickness measurements. The spectral range was from 700 nm to 1200 nm at an 
angle of 75°.  
Crystallinity Measurements 
X-ray diffraction patterns were collected on an X-Pert MRD Panalytical 
Diffractometer; the experimental configuration has been discussed previously. A Grazing 
Incidence X-ray Diffraction (GIXRD) geometry was used to enhance the diffraction 
intensity for crystallinity characterization of the deposited thin films. Use of a multiplayer 
parabolic mirror allowed the divergent incident X-ray beam to be converted into an 
intense monochromatic parallel beam.  The parallel incident beam irradiated the sample 
at a grazing angle fixed at 1.0°, while a proportional detector scanned over 2θ.  In order 
to preserve the parallel beam geometry, a 0.27 degrees parallel plate collimator and a 
0.04 rad. soller slits were inserted before the detector. The measurements were carried out 
using CuKα radiation. 
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Composition and Interface Measurements 
Composition measurements of the films were performed on a PHI 1600/3057 X-
ray Photoelectron Spectrometer (XPS) with a standard aluminum x-ray source.  For high-
resolution scans, the pass energy was 46.95 eV, step size was 0.025 eV, and the scan time 
for each step was 100 sec. Typically, 30 seconds of sputtering was performed with an Ar 
ion gun at 2 KeV and 20 mA prior to XPS measurements.  To perform the interfacial 
composition and bonding measurements, the as-deposited films were etched in 0.25% HF 
solutions to less than 10 nm in thickness.  
Electrical Characterization   
Electrical properties of the hafnium oxynitride films were measured using MIS 
capacitor structures.  Films were deposited onto p-type (100) silicon wafers with low (< 
0.01 ohm-cm) resistivity.  A blanket aluminum film with thickness ~ 300 nm was 
sputtered onto the wafer backside and circular platinum electrodes with 1.8 mm diameter 
(~200 nm thickness) were sputtered onto the hafnium oxynitride films through a shadow 
mask.  Capacitance-voltage (C-V) analyses were conducted on a Keithly 550 CV 
analyzer and current–voltage (I-V) analyses were performed with a Hewlett Packard 
4156A Precision Semiconductor Analyzer. C-V measurements were performed at 100 
kHz and the sweep voltage range was -5 V to +5 V.   
Thermal Stability 
To determine if the films deposited by O2 and N2O MOCVD are thermally stable 
to the temperatures typically used in microelectronic device fabrication, deposited films 
were annealed by rapid thermal processing (RTP) at 900 ºC under N2 protection. During 
the RTP process, the temperature was raised to 900 ºC in 10 seconds and held at that 
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temperature for 10 seconds; the furnace was then cooled down to room temperature in 2.5 
minutes. The annealed films were characterized by GIXRD and their morphologies 
compared with those of samples prior to annealing. 
Results and Discussion 
Deposition Rate 
Effect of Deposition Temperature  
With the precursor flow rate at 0.03 ml/min, the helium carrier gas flow rate 200 
sccm, the oxidant (O2 or N2O) flow rate 100 sccm, and the microwave power 450 watts, 
downstream microwave plasma enhanced depositions were performed at four 
temperatures: 250 ºC, 300 ºC, 350 ºC, 390 ºC. The deposition rates change with 




































































Figure 4.1 Plots of deposition rates vs temperatures for (a) O2 PECVD and (b) N2O 
PECVD. 
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For O2 plasma deposited films, deposition rates increase with temperature when 
the temperature is below 300 ºC; above 300 ºC, deposition rates fall with increasing 
temperature. Deposition rates for PECVD depend on three individual processes [30]: the  
generation rate of short lifetime reactant species formed by gas phase thermal or plasma 
activation (TDEAH∗), adsorption/desorption of reactant species on the substrate surface, 
and surface reaction. These processes can be expressed as: 
TDEAH + heat or radicals (O∗, O2∗ et c ) → TDEAH∗                         (activation)  
TDEAH∗ ↔ TDEAH(s)                                                        (adsorption/desorption) 
O∗, O2∗ et c ↔ O(s), O2(s), et c  
TDEAH(s) + O(s), O2(s), et c + heat → Hafnium oxynitride     (surface reaction) 
In a parallel plate plasma reactor or a microwave plasma reactor configuration 
with line-of-sight between the plasma source and the substrate (i.e., with no sharp bends 
in the connecting tubing), electron impact reactions produce O∗, O2∗, O-, O+, O2+ and 
electrons by reactions such as [31]: 
e + O2 → O 2* + e 
e + O 2 → O - + O + + e 
e + O 2 → 2 O  + e 
e + O 2 → O 2+ + 2e 
e + O 2 → O + O + + 2e 
e + O → O∗ + e 
However, in a downstream plasma reactor, few if any ions or electrons can be introduced 
into the reaction chamber because of recombination reactions. Only O∗ and O2∗ are the 
activated short lifetime reactant species introduced into the chamber.  
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In general, gas phase reactive species generation rates, surface reaction rates and 
desorption rates of the intermediate species on the substrate surface increase with 
temperature.  The net effect of the competing processes determines the deposition rate. 
As indicated in Figure 4.1a, at low temperatures, the surface reaction process dominates 
the overall deposition rate so that the net deposition rate increases with temperature. 
When the deposition temperature is higher than 300 ºC, adsorption/desorption rates 
dominate the net deposition rate so that in the high-temperature regime, increasing 
temperatures lead to higher desorption rates and thus lower film deposition rates. That is, 
the effective activation energy in the high temperature region is negative. Compared with 
MOCVD results [32, 33], the deposition rates with PECVD are higher and the negative 
activation energy region  appears at much lower temperature. Such comparisons indicate 
that the microwave plasma assists dissociation of oxygen and thus the generation of the 
intermediate species and surface reactions [34].  That is, the plasma supplies energy for 
bond breaking that otherwise would be supplied by thermal means.  
As shown in Figure 4.1b, the deposition rate versus temperature for N2O plasma 
enhanced deposition of hafnium oxynitride films displays similar trends to that of O2 
plasma enhanced depositions, although the negative activation energy region occurs at 
slightly higher temperature (> 350 ºC). Such results from depositions with plasma-
activated/dissociated N2O as the oxidant species can be explained by the similar way to 
that used for depositions with O2 plasma although the plasma dissociated N2O 
atmosphere may contain activated nitrogen species [35, 36].  The following simplified set 
of elementary reactions is representative of the N2O plasma chemistry [35, 37, 38]: 
e + N2O → N 2 + O + e 
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O + e → O* + e 
N2O + O* → 2NO 
N2O + O* → N 2 + O2 
O + O → O2 
e + O2 → O 2* + e 
e + N2 → N 2* + e 
e + NO → NO* + e 
In the downstream plasma system, only neutral molecules and radicals are introduced 
into the deposition chamber. 
Effects of Microwave Power 
Figure 4.2 shows the trends of O2 plasma- and N2O plasma-enhanced deposition 
rates upon variation of microwave power between 150 W and 450 W. From the figure, it 
can be concluded that deposition rates do not change significantly with microwave power 
over the range investigated. These observations suggest that the concentration of oxygen 
radicals does not increase substantially with microwave power in the range of 150 - 450 
W with the other deposition conditions unchanged.  
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Figure 4.2 Deposition rate vs microwave power for (a) O2 PECVD and (b) N2O PECVD. 
Temperatures are 300 oC and 390 oC for (a) and (b) respectively. 
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Effects of O2/He Ratio or N2O/N2 Ratio 
When the O2/He ratio or N2O/N2 ratio changes from 100/0 to 10/90 while other 
parameters remain constant (substrate temperature 350 ºC, oxidant gas mixture flow rate 
100 sccm, He carrier gas flow rate 200 sccm, precursor flow rate 0.03 ml/min, chamber 
pressure 2 Torr, microwave power 450 Watts), film deposition rates decrease as shown in 
Figure 4.3. The reduction in deposition rate occurs because of the reduced concentration 
of oxygen radicals introduced into the chamber.  
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Figure 4.3 Deposition rate vs O2/He ratio or N2O/N2 ratio. Temperature is fixed at 350 oC. 
Film Morphology 
Morphologies of the PECVD films deposited in different oxidants have been 
investigated by GIXRD at an incident angle of 1º; GIXRD patterns are shown in Figure 
4.4 and 4.5. GIXRD measurements on all films deposited in O2 plasmas, N2O plasmas, 
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O2/He plasmas and N2O/N2 plasmas indicate amorphous morphologies. There is a broad 
reflection ~32o in all GIXRD patterns, which demonstrates that the hafnium oxynitride 
films deposited by downstream microwave plasma-assisted deposition are amorphous to 
the detection limit of GIXRD (<2.0 nm crystallite size) within the deposition temperature 
range of 250 ºC – 390 ºC. Although the film compositions (both bulk and interface) vary 
in a small range (discussed in the next section) with different O2/He or N2O/N2 ratios, all 
films are amorphous. 
For comparison, hafnium oxynitride films deposited by MOCVD with oxygen as 
the oxidant are amorphous; a typical GIXRD pattern is shown in Figure 4.6. All 
deposition parameters for the MOCVD process were the same as those of the PECVD 
process except that no microwave power was applied. We have previously shown that the 
hafnium oxynitride GIXRD pattern shown in Figure 4.6 is characteristic of the cubic 
phase [32]; Bragg reflection indices are shown in the figure. These results illustrate that 
the PECVD favors the formation of amorphous hafnium oxynitride films, as desired for 
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Figure 4.4 GIXRD patterns of hafnium oxynitride films deposited by PECVD in 
O2 and O2/He. 
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Figure 4.5 GIXRD patterns of hafnium oxynitride films deposited by PECVD in 
N2O and N2O/ N2. 
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Figure 4.6 GIXRD pattern of the film deposited by O2 MOCVD. 
 
There are two primary reasons for the formation of amorphous films by PECVD; 
these relate to two important steps in the PECVD process as shown in Figure 4.7. First, as 
discussed in the deposition rate section, the application of a downstream microwave 
plasma increases the activated oxidant metastable concentration and thus accelerates gas 
phase reactions of precursors. Because of the large concentration of oxygen radicals 
present, intermediate species (TDEAH∗) produced by the gas phase reactions contain 
more oxidized moieties such as HfO, and Hf2O3-like species. The highly oxidized HfO or 
Hf2O3-like species can form a hafnium oxide network rapidly at the substrate surface, 
thereby minimizing the time for surface diffusion and crystallization [23][40]. Secondly, 
the plasma activated free radicals have large sticking coefficient on the substrate surface 
so that surface diffusion is again inhibited and nucleation/growth of crystallites is 
diminished [41]. 
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Main gas flow region
TDEAH, X* 
(1) Gas phase reaction 
produced TDEAH* 
TDEAH, X* transferred to the 
gas phase reaction region 
Adsorption of film precursor 
and oxygen species 
Oxygen species 
Surface diffustion and nucleation (2) 
 
Figure 4.7 Process scheme in PECVD. 
Film Composition 
Bulk Composition 
The bulk composition of films deposited by PECVD in different oxidants has 
been characterized by XPS. The atomic percentages of all elements are obtained after 30 
sec of Ar ion sputtering at 2 KeV and 20 mA. Figure 4.8 shows the O/Hf ratios in films 
deposited by O2 or N2O PECVD at different temperatures. All films formed by PECVD 
have an O/Hf ratio of at least 2.2 (range of 2.2-2.7) while all films formed by O2 
MOCVD have an O/Hf ratio of essentially 2.0 (range 1.6 – 2.1). Apparently, films 
deposited by PECVD have a higher than stoichiometric amount of oxygen. The extra 
oxygen atoms are believed to be incorporated into the oxide structure as interstitials [34].  
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As Figure 4.9 indicates, there are many interstitial sites in fluorite lattice for the 
incorporation of excess oxygen [42]. Because it is easier for oxygen atoms than oxygen 
molecules to be incorporated as interstitial atoms [43], plasma enhanced dissociation of 
oxygen and nitrous oxide can promote the incorporation of interstitial atoms. After the 
incorporation of interstitials atoms, the ordered lattice of fluorites will be distorted, which 
can assist to explain the formation of amorphous films deposited by PECVD. 
Because the distance between hafnium atoms and interstitial oxygen atoms is 
different from the normal Hf – O bond length, bonding environments for both O and Hf 
atoms in non-stoichiometric films are more varied. That is, as shown in Tables 4.2 and 
4.3, the O1s peaks and Hf4f peaks in XPS spectra of films from PECVD are broadened 
relative to those in spectra of films from O2 MOCVD; these results suggest the presence 
of interstitial oxygen atoms [44]. The full width at half maximum (FWHM) broadening is 
reduced at higher temperatures, which indicates that the interstitial oxygen atom 
concentration is reduced or is more uniformly distributed at high temperatures.  
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Figure 4.8 O/Hf ratio in hafnium oxynitride films deposited at different temperatures and 
in different oxidants. 
 
Figure 4.9 Interstitial sites (represented by empty squares) in fluorite lattice of HfO2 
available for incorporation of excess oxygen. Solid circles represent hafnium sites; open 
circles represent oxygen sites [42]. 
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Table 4.2 FWHM of XPS O1s peaks for as-deposited films (bulks) deposited in O2 
MOCVD, O2 PECVD and N2O PECVD at different temperatures. 
Temperature (oC) 250 300 350 390 
O2 MOCVD N/A 1.57 eV 1.72 eV 1.62 eV 
O2 PECVD 2.49 eV 1.96 eV 1.81 eV 1.67 eV 
N2O PECVD 2.58 eV 2.43 eV 2.39 eV 2.05 eV 
 
Table 4.3 FWHM of XPS Hf4f (combination of Hf4f5/2 and Hf4f7/2) peaks for as-
deposited films (bulks) deposited in O2 MOCVD, O2 PECVD and N2O PECVD at 
different temperatures. 
 
Additional confirmation of these conclusions is obtained from the Hf4f peak 
positions in the XPS spectra. As shown in Figure 4.10, XPS Hf4f peaks consist of 
Hf4f5/2 and Hf4f7/2 peaks. Each of the Hf4f5/2 and Hf4f7/2 peaks can be deconvoluted 
into two peaks. For films deposited by PECVD (Figure 4.10), the overlap of Hf4f5/2 and 
Hf4f7/2 peaks is significant; this result is consistent with significant concentration of Hf-
O (interstitial) bonds in deposited films.  
 
Temperature (oC) 250 300 350 390 
O2 MOCVD N/A 2.86 eV 3.05 eV 2.96 eV 
O2 PECVD 3.44 eV 3.1 eV 3.08 eV 2.97 eV 
N2O PECVD 3.58 eV 3.21 eV 3.39 eV 3.22 eV 
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The positions of deconvoluted peaks are listed in Table 4.4. For films deposited 
by PECVD, all peaks shift to higher binding energy compared to the analogous peaks in 
films from MOCVD. The shifts can also be attributed to the interstitial oxygen atoms. 
The shift is more significant for films deposited by N2O PECVD, indicating that N2O 
PECVD can introduce more interstitial oxygen atoms into deposited films than can O2 
PECVD. 
 
Table 4.4 Deconvoluted XPS Hf4f peak positions in films deposited from O2 MOCVD, 
O2 PECVD and N2O PECVD. 
Band position Band 1 (eV) Band 2 (eV) Band 3 (eV) Band 4 (eV) 
O2 MOCVD 18.28 17.66 16.58 16.03 
O2 PECVD 18.57 18.02 17.03 16.21 
N2O PECVD 19.35 18.75 17.59 16.75 
 
The nitrogen content of these films is shown as a function of deposition 
temperature in Figure 4.11; apparently little variation (0.5-1.5 atomic %) is observed 
under the conditions investigated.  
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Figure 4.11 N atomic percentages in as-deposited films (bulk) deposited at 
different temperatures. 
 
For the films deposited by O2/He and N2O/N2 PECVD, reducing the O2/He ratio 
or N2O/N2 ratio slightly reduces the O/Hf ratio in deposited films although the ratio 
remains larger than two. The XPS results indicate that the plasma-activated oxidants 
promote the incorporation of oxygen atoms into the deposited hafnium oxynitride films, 
which is consistent with previous studies [45]. A change in the deposition temperature 
can alter the oxygen amount incorporated or the distribution. 
Hafnium Oxynitride/Silicon Interface Composition 
In order to characterize the composition of hafnium oxynitride/silicon interfaces 
by XPS, as-deposited films are etched in 0.25 % HF solutions until the thickness of the 
etched films is ~7-8 nm. The films deposited by O2 or N2O PECVD at 350 oC have etch 
rates of 33 nm/min or 25 nm/min respectively, which are much higher than the etch rates 
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of crystalline films [20] because of their amorphous nature.  The thickness profiles that 
results from etching are shown in Figure 4.12. 
Figure 4.12 Etching profiles of films deposited by O2 PECVD (a) and N2O PECVD (b). 
Films were etched in a 0.25% HF solution. 
 























































XPS spectra of the etched films show that the interface compositions of all films 
deposited by PECVD are HfSixOyNz. As Figure 4.13 shows, the nitrogen atomic 
percentages of film interfaces are in the range of 1.5 % - 5.5 %, which is higher than that 
in the film bulk. These results indicate that nitrogen atoms accumulate at the interface 
between the hafnium oxynitride films and the silicon substrates. For films deposited by 
N2O PECVD, interface nitrogen contents are smaller than those of films deposited by O2 
PECVD. Such observations are consistent with the discussion in the previous section that 
suggests that a higher concentration of oxygen radical is produced by N2O PECVD than 
by O2 PECVD. These results indicate that N2O PECVD is a good source for oxygen 
radicals but not an efficient method to introduce nitrogen atoms into high-k films. Also, 
as shown in Table 4.2, the O1s FWHMs of films from O2 or N2O PECVD decrease with 
increasing temperature. Therefore, it is possible that oxygen atoms at the interface can be 
reduced in concentration or more uniformly distributed throughout the films due to high 
temperature heat treatments.  
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Figure 4.13 N atomic percentages of HF etched films (interfaces) deposited at different 
temperatures. Thicknesses of etched films are ~7-8 nm. 
Electrical Properties 
The dielectric constant and leakage current of the deposited films have been 
characterized by CV and IV measurements on MOS structures; dielectric constants 
calculated from accumulation capacitance values are listed in Table 4.5. With an increase 
in deposition temperature, the dielectric constants of the deposited films increase. This 
trend is due to higher film densities, perhaps because fewer oxygen interstitials are 
incorporated higher film densities at higher deposition temperatures. The average oxide 
charge (interface states and charge) density of the films is estimated from the flatband 
shift of CV curves according to the expression Qox = Ci ∆Vfb /q [33]; the resulting values 
are shown in Table 4.6. For these calculations, the Pt work function is 5.3 V and p-Si 
wafer doping density is 1019 /cm3[46]. Table 4.6 shows that the defect densities of films 
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deposited in O2 or N2O PECVD are in the range of 1 - 4 ×1012, which are higher than 
those of films deposited in O2 MOCVD [20]. These films also have relatively high 
leakage currents that are between 10–5 and 10-6 A/cm2 at an electrical field of 0.2 MV/cm. 
The increased oxide charge densities and leakage currents in O2 or N2O PECVD are 
likely due to the interstitial oxygen distorted bond structures at the hafnium 
oxynitride/silicon interfaces [45].   
 
Table 4.5 Dielectric constants of films deposited by O2 PECVD and N2O PECVD at 
different temperatures. 
Temperature (oC) 250 300 350 390 
O2 PECVD 14.4 18.0 21.7 22.5 
N2O PECVD 15.0 16.6 20.9 22.6 
 
Table 4.6 Oxide charge densities in the films deposited by O2 PECVD and N2O 
DMPECVD at different temperatures. 
Temperature (oC) 250 300 350 390 
O2 PECVD 2.08e12 1.61e12 1.37e12 6.3e11 
N2O PECVD 3.15e12 3.21e12 1.62e12 1.35e12 
 
Thermal Stability 
Films deposited by PECVD were annealed at 900 oC by RTP under the protection 
of N2; after RTP annealing, films were characterized by GIXRD again. GIXRD patterns 
of annealed films (deposited at 350 oC) are shown in Figure 4.14.  
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Although both as-deposited films were amorphous, RTP annealed films show 
obvious crystalline phases. Both tetragonal and monoclinic phases are detected from the 
GIXRD measurements. Based on the GIXRD patterns, films deposited by N2O PECVD 
contain a higher fraction of tetragonal phase after annealing than do films deposited by 
O2 PECVD, which suggests that more interstitial oxygen atoms promote the formation of 
tetragonal crystallites after high temperature annealing. Furthermore, these results 
illustrate that the amorphous films deposited by PECVD are unstable to high temperature 
annealing. In order to introduce amorphous films deposited under the current conditions 
by PECVD into microelectronic fabrication sequences, high temperature annealing 
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Figure 4.14 GIXRD patterns of 900 oC RTP annealed films deposited by O2 PECVD (a) 




Hafnium oxynitride films were deposited in downstream microwave plasma 
dissociated oxidants (O2, N2O, O2/He, N2O/N2). At high temperatures (>350 oC), plasma 
enhanced depositions display negative activation energies. Oxygen radicals from 
downstream microwave plasma dissociated oxidants promote gas phase reaction of 
hafnium oxynitride precursors and reduce surface diffusion on substrates that lead to 
amorphous deposited films. The deposited films contain an excess amount of oxygen that 
appears to be incorporated as interstitial atoms. Interstitial oxygen atoms distort bond 
structures in the hafnium oxynitride network and introduce trap levels at the 
film/substrate interface. Higher deposition temperatures can reduce the interstitial oxygen 
or promote more uniform distributions that improve the electrical properties of films. 
Films deposited at higher temperatures also have larger dielectric constants due to their 
larger densities. N2O PECVD can provide large amount of oxygen atoms for deposition 
processes but cannot efficiently introduce nitrogen atoms into deposited films. N2O 
PECVD is able to introduce more interstitial oxygen atoms than is O2 PECVD. 
Furthermore, reducing oxidant flow rates by changing O2/He or N2O/N2 ratios has no 
obvious effects on the deposited films.  The amorphous films deposited by PECVD are 
unstable to 900oC RTP annealing; the annealed films contain tetragonal and monoclinic 
phases. Films deposited by N2O PECVD contain a higher fraction of the tetragonal phase 
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CONCLUSIONS AND FUTURE WORK 
 
Conclusions 
Hafnium oxynitride films have been deposited by Metalorganic Chemical Vapor 
Deposition (MOCVD) and downstream microwave Plasma Enhanced Chemical Vapor 
Deposition (PECVD) employing different oxidants such as O2, N2O, O2 plasma, N2O 
plasma, N2O/N2 plasma, and O2/He plasma in the absence of any post-deposition thermal 
annealing. The effect of oxidants on deposition kinetics, morphology, composition, 
bonding structure, electrical properties and thermal stability of deposited films were 
investigated. Possible chemical/physical reasons for these effects were developed and 
mechanisms were proposed that are consistent with the experimental results. Oxygen 
radicals present in the oxidizing environments were found to play an essential role in 
determining film structures and the resultant electrical properties of deposited hafnium 
oxynitride films. This systematic investigation into oxidant effects on hafnium 
oxide/oxynitride thin film CVD represents a new understanding in the area. 
For hafnium oxynitride film deposition by MOCVD, both depositions in oxygen 
and in nitrous oxide show surface reaction controlled kinetics. In the deposition 
temperature range of 300 – 410 oC, deposition rates for both oxidants increase with 
temperature. From Arrhenius plots of hafnium oxynitride film growth rate versus 
temperature, the effective activation energy (Ea) for oxygen MOCVD is 13.6 kcal/mol 
while Ea for nitrous oxide MOCVD is 9.9 kcal/mol. The difference in Ea results from the 
different bond energies for the oxidants. The O-O bond energy in O2 is 119.2 kcal/mol 
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while the N-O bond energy in N2O is 39.5 kcal/mol; thus, nitrous oxide is more 
extensively dissociated at low temperatures and thereby produces a relatively higher 
concentration of oxygen radicals when compared to O2.  
Compositions of deposited films were characterized by X-ray photoelectron 
spectroscopy (XPS). Bulk films deposited in oxygen and in nitrous oxide contain 0.5 – 
2.0 atomic percent nitrogen, which indicates that nitrogen atoms cannot be effectively 
introduced into deposited films by using nitrous oxide as the oxidant in the specific 
temperature range investigated. Films were etched in dilute HF solutions to assist 
evaluation of film characteristics. Etch profiles of films show that both films have two 
layers with different etching rates that can be attributed to different densities and 
compositions. The composition of interfacial layers was consistent with nitrided hafnium 
silicate layers. Films deposited in oxygen have much slower etch rates in HF solution 
than those deposited in nitrous oxide. Compositions of the interfacial region between 
hafnium oxynitride films and the silicon substrate are also characterized by XPS. 
Nitrogen content at interfaces is higher than those in the film bulk, demonstrating that 
nitrogen atoms accumulate at the oxynitride/silicon interface. However, the nitrogen atom 
accumulation at the interface is more extensive in films deposited in oxygen than in films 
deposited in nitrous oxide. Also, Hf4f peak positions in the interfacial region are located 
at higher binding energy than the Hf4f peak position in the film bulk. The shift to higher 
binding energy is larger for films deposited in nitrous oxide than for films deposited in 
oxygen. The XPS results indicate that nitrous oxide can provide more oxygen radicals 
than oxygen, and these radicals can remove nitrogen atoms from deposited films 
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(especially interfacial layers), thereby increasing the extent of oxidation of the deposited 
films.  
The morphology of deposited films was characterized by grazing incidence X-ray 
diffraction (GIXRD). Films deposited in oxygen are polycrystalline; the phase is cubic 
and the crystallite size increases with deposition temperature. However, films deposited 
in nitrous oxide in the temperature range of 300 – 410 oC are amorphous according to the 
GIXRD results. Oxygen atoms are thought to play an essential role in determining the 
phase of deposited films. Oxygen atoms promote gas phase reactions that produce 
oxidized film precursor and have a high sticking coefficient on the silicon surface, thus 
limiting surface diffusion. For these reasons, films deposited with nitrous oxide are 
amorphous.  
Electrical measurements demonstrate that films deposited in oxygen have higher 
dielectric constants (20-25) than films deposited in nitrous oxide (15-19). The different 
densities of crystalline and amorphous films are believed to be responsible for this 
observation. Oxide charge density in oxygen deposited films (5.1e11-3.5e12) is higher 
than that in nitrous oxide deposited films (3.9e11-2.1e12), and leakage current through 
the former films is higher than leakage current though the nitrous oxide films.  It is 
believed that oxygen radicals can remove defects such as Si-H, Si-OH and intrinsic 
oxygen vacancies in the interfacial region or in the high-k film bulk and thus improve the 
electrical quality of films. Higher deposition temperature can also reduce the oxide 
charge density and the leakage current because more oxygen atoms can be produced at 
higher temperatures for both oxidants. Unfortunately, films deposited in both oxidants 
cannot withstand 900 oC Rapid Thermal Processing (RTP) for 10 seconds so 
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incorporating the films into microelectronic fabrication requires the elimination of high 
temperature processing. 
Downstream microwave plasma activated oxidants were also used to deposit 
hafnium oxynitride films. Kinetics studies display negative activation energies for 
depositions at temperatures higher than 300-350 oC, indicating that surface 
adsorption/desorption is the rate-determining step for PECVD processes. Plasma 
activation assists dissociation of oxygen and nitrous oxide and introduces energetic 
oxygen atoms and nitrogen molecules into the deposition atmosphere. Increasing the 
microwave power from 150 Watts to 450 Watts does not increase the deposition rate, 
suggesting that no further dissociation of oxidants occurs at higher microwave power.  
O/Hf ratio in PECVD films is in the range of (2.2 – 2.7), which is higher than the 
stoichiometric value. Full-width-at-half-maximum (FWHM) of XPS O1s peaks and Hf4f 
peaks are broadened because a large distribution of bonding structures exists in deposited 
films. In addition, there is a shift of the binding energies of Hf4f peaks to higher values, 
indicating that plasma activated oxidants can effectively introduce a oxygen atoms into 
deposited high-k films. The broadening of O1s and Hf4f peaks and the position shift of 
the Hf4f peak are more obvious for films deposited by nitrous oxide PECVD than for 
films deposited by oxygen PECVD, again indicating that nitrous oxide PECVD can 
introduce more oxygen atoms into films than oxygen PECVD. Excess oxygen atoms in 
films are believed to be in interstitial positions; with increased deposition temperature, 
peak broadening and peak shifts were reduced, because less interstitial oxygen is 
incorporated into films deposited at higher temperature.  
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Nitrogen accumulation at the oxide/silicon interface is observed for all films 
formed by PECVD; fewer nitrogen atoms were detected at film/substrate interfaces of 
films from nitrous oxide PECVD than were detected at film/substrate interfaces of films 
deposited from oxygen PECVD. A reduction of the N2O/N2 ratio or O2/He ratio does not 
significantly reduce the O/Hf ratio, nor significantly change the nitrogen concentrations 
in films. Although plasma dissociated oxidants promote the introduction of oxygen atoms 
into films, plasma activation cannot efficiently produce nitrogen atoms or NO to 
incorporate more nitrogen into hafnium oxynitride films. Both films deposited by plasma 
activated oxygen and nitrous oxide show amorphous morphology. This is further 
indication that oxygen radicals in deposition processes promote gas phase reactions and 
retard surface diffusion. Also, incorporated interstitial oxygen atoms can distort the 
atomic long-range order in deposited films. The dielectric constants of deposited 
amorphous films increase with deposition temperature and are in the range of 15-25. 
Interstitial oxygen atoms degrade the electrical properties of films; oxide charge densities 
are in the range of 6.0e11-3.5e12 /cm2, which is higher than that in films deposited by 
MOCVD. Oxide charge density decreases with an increase in deposition temperature, 
suggesting less incorporated interstitial oxygens at higher deposition temperatures. All 
deposited amorphous films crystallized after 900 oC RTP annealing for 10 seconds, 
which demonstrates that application of these films in semiconductor fabrication with 
high-temperature annealing steps may be limited. 
Based on the results of hafnium oxynitride depositions by MOCVD and PECVD 
in different oxidants (Table 5.1), it can be concluded that the oxygen radical content in 
the deposition environment is critical in establishing the morphology, composition, and 
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electrical performance of deposited high-k films. Prior to the work described in this thesis, 
little was known about the effects of oxidant on hafnium oxynitride film deposition by 
CVD. In particular, we believe that this is the first report about the role of oxygen 
radicals on morphology of high-k films. Results obtained in the thesis have the potential 
to be extended to other high-k materials (zirconium oxide, zirconium silicate, hafnium 
silicate and et al) and other deposition techniques (e.g., Atomic Layer Deposition, 
Physical Vapor Deposition). The results obtained in this thesis contribute to the design of 
high-k materials processing sequences required for the development of high-k materials 
for semiconductor device fabrication. 
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Table 5.1 Summary of properties of films deposited by MOCVD and PECVD in different oxidants. For comparison, industry 








(A/cm2) @ 0.2 MV/cm 
Thermal Stability 
O2 MOCVD 350 - 410 Crystalline 20 - 25 5.1e11-3.5e12 6.3e-7 – 1.9e-5 Enhanced crystallinity 
after 900 oC RTP 
N2O MOCVD 350 - 410 Amorphous 15 - 19 3.9e11-2.1e12 4.4e-7 – 8.5e-6 Crystalline after 900 
oC RTP 
O2 PECVD 250 – 390 or lower Amorphous 15 - 25 6.3e11 – 2.1e12 7.8e-7 – 7.9e-6 Crystalline after 900 
oC RTP 






Amorphous > 15 1010 – low 1011 
>10 12* [2, 3] 
 10-8 
>10-7 * [4, 5] 
Amorphous after 900 - 
1000 oC RTP 
* data reported by other research groups 
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Future Work 
Based on various characterization results that have been discussed in the thesis, it 
is concluded that interstitial oxygen atoms, oxygen vacancies, and -OH, -H groups are 
important defects in deposited high-k films that likely degrade the performance of 
dielectrics. Further structural characterization of these defects may help us to know which 
defects can be significantly affected by oxygen radicals from different oxidants and how 
oxidants affect the quality of deposited films. For example, electron spin resonance (ESR) 
at low temperatures can be used to characterize defects such as ≡ Si ⋅ and O2- because of 
their unpaired electrons [6, 7]. Fourier-transform infrared spectroscopy (FTIR) can be 
used to measure the -OH, -H and interstitial O defects in bulk of thin film materials [8-
11]. 
In order to incorporate hafnium oxynitride films into semiconductor device 
fabrication sequences, the interface between high-k films and the silicon substrate must 
be as thin as possible so that the Equivalent Oxide Thickness (EOT) of the gate oxide can 
be reduced to less than 1 nm.  Thus, the effect of oxygen radicals on the interface 
thickness needs to be investigated. Transmission Electron Microscope (TEM) can be used 
to characterize the interface thickness and morphology. In this way, it may be possible to 
determine whether oxygen radicals will significantly increase the interface thickness and 
thus EOT. 
From the composition and electrical properties of deposited films, it is concluded 
that interstitial oxygen atoms are incorporated into the hafnium oxynitride films by 
PECVD because large concentrations of activated oxygen atoms can be produced by 
plasma enhancement. Direct gas phase chemistry measurements are needed to confirm 
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that reasonable concentrations of oxygen atoms remain in the deposition chamber after 
flowing through a 90 o bend. It also needs to be confirmed if nitrous oxide PECVD can 
produce more oxygen atoms than oxygen PECVD. In addition, it will be useful to 
determine the specific nitrogen species present in N2O and N2O/N2 PECVD so that we 
can understand why nitrogen atoms cannot be efficiently introduced into films by 
PECVD. (Quadrupole mass spectroscopy) QMS can be used for the gas phase chemistry 
characterization [12].  
Understanding these fundamental questions by the proposed further studies could 
provide effective guidance to design and control the deposition process that will help to 
overcome the current barriers to the introduction of high-k films into high volume 
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